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During the first stages of planet formation small particles (~0.1 – 1 μm) in the 
protoplanetary disk collide at low relative velocities (less than 1 m/s) and tend to aggregate into 
cm-size “pebbles” through a combination of electrostatic interactions and gravitational streaming 
instabilities. Particles in this size regime also compose a layer of regolith on small, airless bodies 
that evolves under conditions very different than those on Earth. Characterizing the response of 
regolith to low-energy impacts in a microgravity environment is therefore critical to our 
understanding of the processes that lead to the formation of these objects and our ability to 
develop safe operation procedures on their surfaces. Flight-based microgravity experiments 
investigating low-velocity collisions of cm-size projectiles into regolith have revealed that 
certain impact events result in mass transfer from the target regolith onto the surface of the 
projectile. Characterizing the key parameters and their interactions that produce these events 
have important implications for the role of energy dissipation and accretion in planet formation 
processes and understanding the mechanical behavior of granular media composing the surfaces 
of small bodies. I carried out experimental and numerical campaigns designed to investigate 
these mass transfer events and found that accretion outcomes differ significantly depending on 
whether the projectile is launched into granular material or initially at rest before pulling away 
from the granular bed. I found that interaction effects between various parameters and the 
balance of the experiment design significantly influence mass transfer outcomes and must be 
taken into account for future experiment designs. I also present my contributions to a CubeSat 
mission that will provide the opportunity to observe tens of thousands of collisions between 
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CHAPTER 1 INTRODUCTION 
Formation of Planetary Systems 
 The origin of our solar system and its evolution to the present day is one of the most 
compelling mysteries in science and remains an active area of research across many disciplines. 
The discovery of thousands of exoplanets and observations of their nascent protoplanetary disks 
has revealed that the formation of planetary systems is not unique to our own solar system and is 
in fact ubiquitous across our galaxy. Though the problem of solar system formation is far from 
solved, the nebular theory of solar system formation is widely accepted by the community and I 
outline the stages of this theory below.  
The nebular theory of solar system formation proposes that solar systems begin with the 
gravitational collapse of a dense molecular cloud of dust and gas. Nebular theory encompasses 
five stages leading from the collapse of the nebula to the formation of planetary objects within 





Credit: Bill Saxton, NRAO/AUI/NSF 
Figure 1. Artist’s depiction of solar system formation.  
 
In the first stage, a dense nebula begins to gravitationally collapse due to the Jeans 
instability criteria where the internal gas pressure of the cloud is insufficient to overcome 
gravity. In the second stage, a protostar condenses in the center of the cloud. In the third stage a 
protoplanetary accretion disk composed of 99% gas and 1% dust begins to form surrounding the 
newly formed protostar due to conservation of angular momentum. In the fourth stage, 
planetesimals form through collisional interactions and instabilities created through turbulence in 
the disk. The fifth stage represents the final distribution of solar system objects (Weidenschilling 
& Cuzzi, 1993).   
Though this overall picture of solar system formation is generally accepted, the processes 
involved in the transition from µm-size dust to planetary bodies spanning thousands of 
kilometers in radius remains an area of active experimental and numerical study. In the following 
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sections I will briefly outline the current state of knowledge of potential routes for the accretion 
of planetary bodies along with the open questions that remain.  
Planetesimal Accretion  
Planetesimals, the first km-size bodies to form out of the protoplanetary disk, represent a 
critical step in the planet formation process as the building blocks of the terrestrial planets and 
the cores of the giant planets. Therefore, it is important to fully characterize the formation of 
these bodies to understand the formation and evolution of our own Solar System and planetary 
systems in general. The processes that lead to the formation of km-size bodies from µm-size dust 
have been investigated in numerous experimental and numerical studies. The culmination of 
these investigations to date suggest two pathways for growth: collisional accretion and 
gravitational streaming instability.  In the following sections I will outline the physical processes 
involved in these planetary accretion mechanisms.  
Gravitational Streaming Instability 
 Gravitational streaming instabilities have been proposed as efficient mechanisms within 
the protoplanetary disk for concentrating clouds of collisionally accreted mm to cm-size 
“pebbles” into larger aggregates. These pebbles are coupled to the gas in the disk by a drag force.  
(Weidenschilling S. J., 1977) describes the acceleration of a particle in the disk due to this drag 
force as,  
?̇? =  −
1
𝜏𝑓




where 𝒗 is the particle velocity, 𝒖 is the velocity of the gas at the particle’s location, and 𝜏𝑓 is the 
friction time characterizing various interaction regimes of the particle with the gas flow. These 
regimes depend on the mean free path of the gas molecules λ and the relative velocity of the 
particle to the gas δv = |𝐯 − 𝐮|. The Epstein regime applies to particle sizes < λ. The friction 
time in this regime is described as,  
𝜏𝑓 =  
𝑅𝜌⦁
𝑐𝑠𝜌𝑔
 ( 2 ) 
 
where 𝑅 is the particle radius, 𝜌⦁ is the particle density, 𝑐𝑠 is the speed of sound of the gas, and 
𝜌𝑔 is the density of the gas. The Stokes regime applies to particles with sizes > 9/4 λ and the 
corresponding friction time is described as,  







. ( 3 ) 
 
 The Stokes number St is a dimensionless parameter based on the friction time and is 
written as St = Ω𝜏𝑓 where Ω is the Keplerian frequency at the orbital distance of the particle. The 
Stokes number therefore relates to turbulent collision speeds, sedimentation, particle drift, and 
particle concentrations in streaming instabilities. Streaming instabilities allow for the efficient 
concentration of pebbles formed via collisional accretion to coalesce into larger bodies through 
gravitational collapse as long as specific conditions within the disk are met. These conditions 
include Stokes numbers with values between 10-3 – 5 (Yang, Johansen, & Carrera, 2017), a disk 
metallicity (defined as the vertically integrated dust to gas ratio) above a Stokes number 
dependent threshold value (e.g. 0.015 for St ~ 0.1), and a local dust-to-gas mass ratio > 1. The 
streaming instability mechanism is very efficient once these conditions are met with gravitational 
collapse occurring over 10 to 103 orbital timescales.  
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The vast spatial and temporal scales involved in this mechanism make it largely 
inaccessible to direct laboratory study. However, experimental inputs are necessary to inform 
multi-faceted dust coagulation models that take into account collisional accretion outcomes that 
affect the overall disk conditions. I describe these collisional accretion mechanisms within the 
protoplanetary disk in the following section.   
Collisional Accretion 
Once the protoplanetary accretion disk forms around a newly created proto-star, particles 
within the disk begin to grow beyond µm-size dust particles through hit-and-stick growth. The 
initial stages of collisional accretion involve particle collisions with relative velocities on the 
order of mm/s as a result of Brownian motion (Weidenschilling S. J., 1977). These particles also 
experience radial drift due to pressure and temperature gradients in the disk mid-plane leading to 
sub-Keplerian motion of the gas in the disk 𝑣gas =  𝑣𝐾 −  𝛥𝑣 where 𝑣𝐾 is the Keplerian speed 
and the sub-Keplerian velocity difference 𝛥𝑣 is defined as (Johansen, et al., 2014),  














 is the ratio of the scale height of the disk to the orbital distance and 
𝜕ln𝑃
𝜕ln𝑟
 is the logarithmic 
pressure gradient. For the minimum mass solar nebula, 
𝐻
𝑟
 is proportional to 𝑟
1
4 and the 
logarithmic pressure gradient in the midplane is equal to -3.25 (Johansen, et al., 2014) resulting 
in a constant sub-Keplerian speed of 53 m/s (applicable to most protoplanetary disks).  
The drag force applied to particles coupled to the gas in the disk leads to radial and 
azimuthal drift speeds (Weidenschilling S. J., 1977),  
6 
 
𝑣𝑟 =  −
2𝛥𝑣
St+ St−1
, ( 5 ) 
𝑣𝜑 =  𝑣𝐾 −
𝛥𝑣
1+ St2
 ( 6 ) 
  
The azimuthal drift speed is largest for very small Stokes numbers,where the particles are 
directly coupled to the sub-Keplerian gas, with 𝑣𝜑 = 𝑣𝐾 − 𝛥𝑣 , and the radial dirft speed peaks 
for a Stokes value of 1 where 𝑣𝑟 =  𝛥𝑣.  
The radial drift of particles due to the pressure-supported nature of the protoplanetary 
disk would cause particles to spiral in towards the central star within 100 - 1000 orbital 
timescales depending on the orbital distance of the particle for Stokes numbers between 0.1 and 
10 (Johansen, et al., 2014). However, there are several mechanisms proposed to prevent this 
rapid destruction of particles within the disk. These include particle pile up around snow lines in 
the disk (Cuzzi & Zahnle, 2004) and subsequent particle growth through condensation of water 
vapor onto these particles (Ros & Johansen, 2013). The gravitational streaming instability 
mechanism described in the previous section is also proposed to interrupt this process through 
the concentration of mm to cm-size particles into dense clouds that then gravitationally collapse 
and fragment into larger aggregate bodies. The radial drift problem could also potentially be 
mitigated for porous aggregates because the Stokes number increases with the square of the 
particle size allowing for sufficiently rapid progression of fluffy particles to larger Stokes 
numbers that lead to correspondingly lower radial drift speeds (Okuzumi, Tanaka, Kobayashi, & 
Wada, 2012).  
However, the planetary growth mechanisms described in the previous sections still have 
difficulties in explaining how planetary formation realistically proceeds within the disk and I 
outline these barriers to formation in the following section.    
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Barriers to Formation 
 There are several issues with the proposed mechanisms for planetary growth described in 
the previous section that require additional experimental and modeling efforts to reconcile and I 
outline some of these difficulties in the following paragraphs.  
There is an imposed requirement on the conditions of the protoplanetary disk for 
streaming instabilities to form including a high minimum disk metallicity and a large pre-
existing concentration of pebbles. For example, the minimum Stokes number of ~1.5 x 10-3 for 
the streaming instability to form requires a metallicity > 0.03. This would mean that planetesimal 
formation could only occur for later stages of disk formation after the disk has dissipated a 
significant fraction of the solar metallicity gas. (Johansen, et al., 2014) have suggested various 
mechanisms to produce the necessary concentration of pebbles, e.g. via turbulent eddies or 
pressure bumps, but this issue remains an active area of research.  
 (Zsom, Ormel, Güttler, Blum, & Dullemond, 2010) showed through Monte-Carlo 
simulations that particle collisions lead to the formation of compact mm to cm-size aggregates 
after 104 orbital timescales where decreased energy dissipation in collisional interactions leads to 
bouncing instead of sticking introducing the “bouncing barrier” to planet formation. 
Additionally, as described in the previous section, (Weidenschilling S. J., 1977) introduced the 
“meter barrier” that arises due to radial drift velocities imposed by gas drag in the disk that 
would act to inhibit aggregate growth beyond a meter in size before the planetary object spirals 
into the central star. There are additional concerns related to the long formation timescales 
further out in the disk where it may take up to 6 x 105 years to reach maximum aggregate sizes of 
only a few meters (Garaud, Meru, Galvagni, & Olczak, 2013).  
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 Addressing these issues and fully characterizing the vast parameter space involved in the 
formation of planetary bodies requires additional laboratory measurements and computational 
work (Testi, et al., 2014). Summed up in (Blum, 2018)’s review of the current state of laboratory 
experiments relevant to planetesimal formation, “Obviously, we need more laboratory 
experiments and refined collision models” to assess whether our models are capable of 
predicting the formation of planetesimals. In the following sections I describe the relevant 
physics involved in treating planetesimals and small planetary bodies as granular systems along 
with the associated ongoing experimental work currently supporting our understanding of the 
formation and evolution of these bodies.   
 
Small Planetary Bodies as Granular Systems  
Small planetary bodies, the class of solar system objects smaller than dwarf planets that 
are unlikely to have undergone differentiation, are considered pristine tracers of the early state of 
the solar system and are therefore important to understanding the origin and evolution of 
planetary systems. Additionally, these bodies represent the targets of two current sample return 
missions (Hayabusa-2 (Smith, 2019) and OSIRIS-Rex (Lauretta, et al., 2019)) along with several 
planned exploration missions, Near-Earth Objects (NEOs) pose a potential threat to life on Earth, 
and these bodies also host valuable resources for future In-Situ Resource Utilization enterprises 
(Binzel, 2014). Therefore, it is critical to understand the structural behavior of these objects to 
develop potential impact mitigation strategies and establish safe operational procedures on their 
surfaces for future exploration and resource utilization missions.  
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Small bodies are considered gravitational aggregates as opposed to monolithic structures 
and are therefore capable of sustaining plastic deformation without disruption. The ability of 
these aggregate bodies to resist fragmentation depends directly on the cohesive strength of their 
constituent particles (Sanchez & Scheeres, 2014). The surfaces of these bodies are also covered 
in regolith ranging in scale from µm-size dust to meter-size boulders. The surfaces and interiors 
of these objects are therefore best modeled as granular systems. I outline the relevant physics 
involved in treating small bodies as granular media in the following section.  
Granular Mechanics in Microgravity  
Small bodies are best described by granular systems defined as a collection of particles 
whose collisional interactions determine the bulk behavior of the system (Hestroffer, et al., 
2019). I describe the forces that drive this dynamic behavior in the sections below.   
Contact Forces  
Grains in granular systems dissipate energy through mechanical contact forces. These 
forces can be decomposed into normal components that arise from the elasto-plastic material 
behavior and tangential components driven by friction between the grains. Hertz Law (Laundau 











where R is the particle radius, E is the Young’s modulus, 𝜈 is the Poisson’s ratio, and 𝛿 = 2𝑅 −
𝑟 where 𝑟 is the separation between the centers of the particles representing the particle contact 
overlap.  
Hertz Law describes the elastic interactions between particles, but friction plays a key 
role in the overall dynamics of the system as well. Energy dissipation due to particle interactions 
occurs as a result of the visco-elastic properties of the particles along with their plasticity leading 
to inelastic collisions and solid friction (Andreotti, Forterre, & Puliquen, 2013).  Friction leads to 
a non-uniqueness problem where the mechanical state of the bulk system is not adequately 
determined by the position and velocity of the particles alone, resulting in a history-dependent 
response to mechanical loads. The application of these laws to numerical modeling of granular 
systems are described in further detail in Chapter 3.  
Cohesion  
 Small bodies have extremely weak gravitational fields with gravitational accelerations 
typically between 10-7 – 10-5 g (Hestroffer, et al., 2019) where g is the gravitational acceleration 
on Earth (9.8 m/s2) resulting in a so-called “microgravity” environment. In the absence of a 
strong gravitational field, electrostatic and cohesive forces play a much more important role in 
determining the overall behavior of granular systems. It is therefore important to study the role of 
cohesive forces in a microgravity environment to gain a better understanding of the sticking 
efficiencies for particle collision outcomes as applicable to the early stages of planet formation 
(where gravitational forces are similarly negligible) and to better understand the surface and 
interior mechanics of small bodies.  
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The cohesive force between two particles can be described by the Johnson Kendall 
Roberts (JKR) adhesive elastic contact model (Johnson, Kendall, & Roberts, 1971) as, 
 
𝐹cohesion = 3𝜋𝑅𝛾, ( 8 ) 
 
where R is the reduced radius, 
𝑟1𝑟2
𝑟1+𝑟2
 of the two contacting particles and 𝛾 is the surface energy 
given in J/m2. The surface energy is defined as the energy required to cleave a bulk sample into 
two surfaces. Figure 2 shows the formation of a cohesive bond between two particles in contact 
during a collision event along with the surface energy in relation to the normal force required to 
break the cohesive bond.   
 
Figure 2. Formation of cohesive contacts (Radjai & Dubois, 2011). a) Formation of cohesive 
contact. b) Tensile strength due to cohesion. c) Cohesive bond failure. d) Normal force as a 
function of normal overlap distance where 𝛾 is the energy per unit area to break the cohesive 
bond. 
 

















  ( 10 ) 
 
where E is the Young’s modulus and 𝜈 is the Poisson’s ratio of the material. Impact energies 
exceeding 𝐸break will cause the cohesive bonds between the particles to break apart. Investigating 
the threshold energies for fragmenting these bonds has important implications for planetary 
growth within protoplanetary disks and for understanding the response of regolith on the surfaces 
of small bodies to impact events.  
 In the following sections I briefly describe the current state of microgravity collision 
experiments relevant to planetary formation and the surface response of regolith coated bodies.   
Microgravity Experiments   
Granular systems have been experimentally investigated under microgravity conditions 
for over two decades using a variety of platforms. These platforms include short-duration 
microgravity environments (< 1 s – 9 s) provided by ground-based laboratory facilities such as 
drop towers, parabolic flights (~20-30 s), suborbital flights (~2-3 minutes), and longer duration 
facilities such as the International Space Station or spacecraft offering months of high quality 
microgravity conditions.  
The initial investigations of granular gas systems in microgravity began with the studies 
carried out by (Poschel & Brilliantov, 2003), (Leconte, et al., 2006), (Hou, et al., 2008), and 
(Heisselmann D. , Blum, Fraser, & Wolling, 2010). Clustering events in granular gas systems 
with continual energy input were first observed by (Falcon, et al., 1999) and subsequent 
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experiments further investigating this phenomena are described in (Maass, Isert, Maret, & 
Aegerter, 2008), (Tatsumi, Murayama, Hayakawa, & Sano, 2009), and (Brisset, Colwell, Dove, 
& Maukonen, 2017). These experiments provide necessary experimental inputs for dust 
coagulation models implemented in planet formation models.  
The first formal investigation into the development of a dust coagulation model was 
carried out by (Blum & Munch, 1993). Blum and Munch began the search for relevant threshold 
velocities for particle collision outcomes showing that collisions between mm-size dust 
aggregates composed of micron to mm-size silicate grains result in bouncing for impact 
velocities between 0.15 and ~ 1 m/s and fragmentation for impact velocities > 1 m/s. Many 
similar experiments have since been carried out with aggregate sizes ranging from ~1 µm – 10 
cm with velocities between ~10-3 – 100 m/s (Blum, 2018).  
The review paper by (Blum & Wurm, 2008) describe experiments used by (Güttler, 
Blum, Zsom, Ormel, & Dullemond, 2010) to develop the first comprehensive collisional model 
for planetesimal formation. In their collisional model, (Güttler, Blum, Zsom, Ormel, & 
Dullemond, 2010) identify three processes that result in aggregate growth due to a collision 
event: hit-and-stick for small relative impact velocities, sticking with deformation/compaction, 
and penetration of a smaller projectile into a larger target aggregate. Laboratory experiments that 
support the above sticking regime observations include (Blum J. , Wurm, Poppe, & Heim, 1998), 
(Wurm & Blum, 1998), (Blum J. , et al., 2000), (Blum & Wurm, 2000), (Kothe, Blum, Weidling, 
& Guttler, 2013), (Weidling & Blum, 2015), (Brisset, Heisselmann, Kothe, Weidling, & Blum, 




When energy dissipation is insufficient for sticking to occur and the impact energy is not 
large enough to fragment the interacting bodies the collision results in bouncing. This collisional 
outcome is experimentally supported by (Blum & Munch, 1993), (Heisselmann, Blum, & Fraser, 
2007), (Weidling, Guttler, & Blum, 2012), (Kothe, Blum, Weidling, & Guttler, 2013), (Brisset, 
Heisselmann, Kothe, Weidling, & Blum, 2016), and (Brisset, Heißelmann, Kothe, Weidling, & 
Blum, 2017).  
For aggregate collisions above various parameter-dependent threshold velocities 
fragmentation will occur. Aggregate fragmentation has been observed in (Blum & Munch, 
1993), (Beitz, et al., 2011), (Schrapler, Blum, Seizinger, & Kley, 2012), (Deckers & Teiser, 
2013), (Bukhari Syed, Blum, Wahlberg Jansson, & Johansen, 2017), and (Whizin, Blum, & 
Colwell, 2017). 
In addition to the binary aggregate and multi-particle granular gas collisions described 
above it is also important to consider the outcomes of smaller projectile interactions with much 
larger granular surfaces. Several experimental investigations have shown scenarios in which 
mass is transferred from a smaller projectile impacting a larger target aggregate including 
(Wurm, Paraskov, & Krauss, 2005), (Teiser & Wurm, 2009), (Teiser & Wurm, 2009) (Güttler, 
Blum, Zsom, Ormel, & Dullemond, 2010), (Teiser, Kupper, & Wurm, 2011), (Beitz, et al., 
2011), (Meisner, Wurm, Teiser, & Schywek, 2013), (Deckers & Teiser, 2014), and (Bukhari 
Syed, Blum, Wahlberg Jansson, & Johansen, 2017). Additional experiments in which a projectile 
impacts a granular bed under microgravity conditions (simulating the impact of the surface of an 
asteroid or a large, dust-coated ring particle) are described in (Colwell, 2003), (Brisset, et al., 
2018), (Sunday, et al., 2016), and (Murdoch, et al., 2017). These experiments are critical to 
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understanding the role of dust-coated bodies in dissipating energy in protoplanetary ring and disk 
systems. The role of granular material in dissipating collisional energy has also been numerically 
investigated in many works including (Güttler, Krause, Gerethauser, Speith, & Blum, 2009), 
(Cheng, Yu, & Baoyin, 2018), (Bartali & Nahmad-Molinari, 2015), (Bester & Behringer, 2017), 
and (Clark & Behringer, 2013).  
In my dissertation I describe experimental and numerical investigations of granular 
systems under microgravity conditions carried out that support the literature described above and 
contribute to our understanding of collisional outcomes between particles in protoplanetary disk 
and ring systems as well as the role of regolith in dissipating collisional energy in these systems. 
I outline the chapters of my dissertation in the following section.   
Overview of Dissertation  
 The chapters of this dissertation encompass three distinct investigations that have been 
published or are currently in preparation for publication. In Chapter 1 I provided the relevant 
background and motivation for the investigations described in the subsequent chapters. In 
Chapter 2 I describe several experimental investigations of granular impact and accretion events 
under microgravity conditions. In Chapter 3 I provide the results of numerical investigations 
designed to further explore the microgravity impact and accretion phenomena described in 
Chapter 2. The majority of the content of Chapter 4 has been published in (Jarmak, et al., 2019) 
where I describe my role in the development of a CubeSat mission designed to investigate 





COLLISIONAL ACCRETION EXPERIMENTS IN MICROGRAVITY 
Background and Motivation  
Our understanding of planet formation has been revolutionized over the last 25 years by the 
discovery of thousands of exoplanets (Akeson, 2017), direct imaging of protoplanetary disks 
(Testi, et al., 2014), and laboratory experiments (Colwell, et al., 2008), (Brisset, et al., 2018), 
(Blum & Wurm, 2008), (Blum, 2018). The processes that lead to growth from µm-sized dust 
grains to km-size bodies span orders of magnitude in particle size, velocity, and timescales, 
resulting in a complex problem that requires extensive modeling and experimental inputs. The 
current knowledge base of dust evolution in this regime is incomplete, and review papers 
consistently report that more dust experiments are essential to our understanding of planet 
formation.  
•  “New computations or laboratory measurements for a range of grain 
composition and structure would represent a major step to put on very solid 
grounds the study of dust evolution in disks.” (Testi, et al., 2014) 
• “Collision experiments in the laboratory as well as under microgravity 
conditions over the past 20 years have proven invaluable for the modeling of the dust 
evolution in protoplanetary discs.” (Johansen, et al., 2014) 
• “Obviously, we need more laboratory experiments and refined collision models to assess 
whether or not any of the three formation models is really capable of predicting the 
formation of planetesimals.” (Blum, 2018) 
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During the first stages of planet formation small particles (~0.1 – 1 μm) in the protoplanetary 
disk collide at low relative velocities (less than 1 m/s) and tend to aggregate into cm-size 
“pebbles” through a combination of electrostatic interactions and gravitational streaming 
instabilities (Johansen, et al., 2014). Models of protoplanetary disk evolution, e.g. (Güttler, 
Blum, Zsom, Ormel, & Dullemond, 2010), (Zsom, Ormel, Güttler, Blum, & Dullemond, 2010), 
show that as dust aggregates collisionally evolve they become more compact and can no longer 
dissipate collisional energy as efficiently. Therefore, at this cm-scale “pebble” stage of 
planetesimal evolution, collisions tend to result in bouncing instead of sticking and lead to a 
“bouncing barrier” that impedes particle growth. Current planetesimal formation models are 
unable to convincingly explain how these pebbles can grow into km-size planetesimals within 
the timescale constraints imposed by models of protoplanetary disk evolution. Particles in this 
size regime also accrete into meter to km-size bodies within planetary ring systems and compose 
a layer of regolith on small, airless bodies. This regolith evolves under conditions very different 
than those on Earth due to significantly reduced gravity and pressure conditions. Characterizing 
the response of regolith to low-energy impacts in a microgravity environment is therefore critical 
to our understanding of the processes that lead to the formation of these objects and our ability to 
develop safe operation procedures on their surfaces.  
We have carried out several flight-based, vacuum, microgravity experiments designed to 
investigate low-velocity impacts of cm-scale projectiles into simulated planetary regolith in order 
to address some of these outstanding questions. These experiments include the most recent 
experiments in the COLLIDE (Collisions Into Dust Experiment) and PRIME (Physics of 
Regolith Impacts in Microgravity Experiment) programs carried out in suborbital flight 
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(COLLIDE-3), and on parabolic airplane flights (PRIME-3, PRIME-4). From these experiments, 
we observed that certain impact events occurring at speeds less than 53 cm/s resulted in mass 
transfer from the target regolith onto the projectile. Figure 3 and Figure 4 show examples of 
mass transfer events for COLLIDE-3 and PRIME-4 respectively. The target regolith used in the 
experiments described in this dissertation consisted of quartz sand, JSC-1 lunar regolith simulant 
(McKay, Carter, Boles, Allen, & Allton, 1994), and CI carbonaceous asteroid regolith simulant 
(hereafter Orgueil) (Britt, Cannon, Donaldson Hanna, Hogancamp, & Poch, 2019). Quartz sand 
was selected as a well-studied material with rounded grains for a more direct comparison to 
numerical simulations. JSC-1 and Orgueil regolith simulants were selected to study the effect of 
jagged grain types relevant for the exploration of airless bodies where grains evolve due to 
micrometeroid bombardment as opposed to the aeolian processes that produce the rounded 
features of terrestrial quartz sand grains.  
 
 
Figure 3. Still frames of a 10-g quartz impactor (left) contacting quartz sand at an impact speed 





Figure 4. Still frame of a 10-g quartz sand coated impactor (left) contacting Orgueil at an impact 
speed of 52 cm/s and (right) rebounding with observable mass transfer. 
 
 
To follow up on these observations, I developed an experimental apparatus to be used in 
a laboratory drop tower that simulates the rebound portion of these mass-transfer collision events 
without the time and cost requirements imposed by a flight-based experiment. The apparatus 
consists of a spring attached to a marble resting in a tray of regolith. When the apparatus is 
released from the top of the drop tower, the free-fall environment causes the spring to retract and 
pull the marble out of the regolith at a low acceleration (~1 - 9 m/s2). The open-air experiments 
were performed with rebound accelerations between ~1 and 9 m/s2 and mass transfer events were 
observed for rebound accelerations below 8 m/s2. I then transitioned the apparatus into an 
evacuated chamber to provide a more direct comparison to the flight experiments. I also 
increased the explored parameter space (projectile mass, projectile diameter, and projectile 
rebound acceleration) to determine additional thresholds governing the production of mass 
transfer.  
In this chapter I explain the design and operation of the flight and ground-based 
microgravity experiments, the exploration of the relevant parameter space, and the analysis of 
the results. From this analysis I am able to draw some general conclusions about the relative 
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significance of parameters that are most likely to influence the mass transfer outcome during a 
low-velocity collision event between a cm-size projectile and µm-size regolith.  
Experimental Setups 
In this section I describe the experimental setups for the drop tower and flight 
experiments designed to investigate the role of various parameters in producing mass transfer 
from target regolith material onto a spherical projectile.  
PRIME 
 The PRIME-3 and PRIME-4 parabolic flight experiments consisted of free-floating boxes 
each with a spring-loaded launcher containing a cm-size spherical projectile above a tray of 
regolith. The goal of these experiments was to establish the relationship between projectile 
energy and regolith grain size and type on ejecta production and mass transfer from the target 
regolith to the projectile. The target material is prepared by pouring the regolith into a 
rectangular tray and leveling the top of the granular bed with a ruler. The porosity is estimated to 
be between 0.4 and 0.5 based on laboratory measurements of the regolith weight contained in the 
tray (Brisset, et al., Regolith behavior under asteroid-level gravity conditions: low-velocity 
impact experiments, 2018).   
PRIME-3  
 The PRIME-3 parabolic flight campaign was carried out during four flights in August 
2014. The experiment consisted of 8 free-floating vacuum chamber boxes each housing a spring-
loaded launcher containing a cm-size marble arranged over a tray of regolith covered by an 
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aluminum door. 25 of the experiments produced quantifiable observational results, and 7 of these 
experiments resulted in observable mass transfer from the target regolith onto the projectile. The 
experiment parameters for the PRIME-3 flight campaign are provided in Table 1, and an 
example of a mass transfer event from PRIME-3 is shown in Figure 5. Thorough descriptions of 
the experiment hardware are found in (Colwell, et al., 2008) and (Brisset, et al., 2018).  
 
Table 1. PRIME-3 experiment parameters. 
Projectile Regolith 
Diameter (cm) Mass (g) Material Grain Type Grain Size (µm) 
1.9 10 Quartz JSC-1 125-250 
31 Steel Quartz Sand 75-250 
 
 
Figure 5. Example of a PRIME-3 experiment that resulted in mass transfer of quartz sand onto a 




The PRIME-4 parabolic flight campaign was carried out during three flights, two in 
November 2017 and one in October 2018. The experiment consisted of 12 free-floating vacuum 
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chamber boxes each housing a spring-loaded launcher containing a cm-size marble that was 
arranged over a tray of regolith covered by a cloth door. A schematic of the PRIME-4 
experiment box is shown in Figure 6. The experiment parameters for the PRIME-4 flight 
campaign are provided in Table 2, and an example of a mass transfer event from PRIME-4 is 
shown in Figure 7. 
 
Figure 6. Schematic showing the front face and inside of a PRIME-4 experiment box. In flight, a 
GoPro is mounted on an arm outside the box at the front face to record the experiment. 
 























Figure 7. Example image from a PRIME-4 experiment that resulted in observable mass transfer 
of JSC-1 regolith simulant onto a sand-coated 10-g quartz marble. 
 
COLLIDE  
 The COLLIDE-3 suborbital flight experiment was carried out in April 2016. The 
experiment consisted of four individual Impactor Box Systems (IBS) with three single launcher 
systems and one multi-launcher system. The single launcher systems were conceptually identical 
to the PRIME experiment systems and consisted of a spring-loaded launcher containing a cm-
size marble arranged over a tray of regolith covered by an aluminum door (Figure 8). All 
experiments were operated under vacuum conditions. For more details on the COLLIDE 
hardware please refer to (Colwell, 2003) and (Brisset, et al., 2018).   
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Only one of the four experiments resulted in observable rebound of the launched marble 
(Figure 3), and the parameters for the successful experiment are provided in Table 3.  
 
Figure 8. (Left) COLLIDE-3 vacuum chamber with viewport, vacuum-feedthrough, camera, and 
associated electronics. (Right) COLLIDE-3 IBS containing the launcher mechanism and regolith 
tray inside the vacuum chamber. Figure from (Brisset, et al., 2018).  
 














Low-Velocity Impact Experiment in 1-g  
 
 To test whether the observed mass transfer phenomena from the flight experiments 
could be replicated under 1-g conditions I developed a tabletop experiment designed to simulate 
low-velocity collisions of a cm-size projectile into regolith at speeds under 1 m/s. The apparatus 
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for this experiment was composed of an adjustable, metal T-shaped stand supporting a spring 
attached to a spherical mass (Figure 9).   
 
 
Figure 9. 1-g granular impact experiment spring pendulum apparatus. 
 
 I wrote a spring pendulum model in Python to select parameters for the experiment 
such that the anticipated marble impact velocity would be less than 1 m/s. The spring pendulum 
model is based on a second order differential equation given by 𝑚𝑥′′ + 𝑘𝑥 = 0 where 𝑚 is the 
projectile mass, 𝑥 is the position of the mass away from equilibrium, and 𝑘 is the spring constant. 
The solution is computed using the SciPy package odeint. The ordinary differential equation 
solver requires the system to be a first order differential equation, so I reduced the second order 





𝑋1 = 𝑦[1] ( 11 ) 
𝑋2 =  −
𝑘
𝑚
𝑦[0] + 𝑔 ( 12 ) 
 
where 𝑋1 is the first differential equation representing the velocity in an array of initial 
conditions and 𝑋2 is the second differential equation where 𝑦[0] is the length, 𝑘 is the spring 
constant, 𝑚 is the mass of the impactor, and 𝑔 is the gravitational acceleration. The odeint solver 
provides the position and velocity of the impactor as a function of time, an example of which is 
shown in Figure 10.  
 
 
Figure 10. Plot of velocity and position output for a 31-g projectile g attached to a spring with a 
spring constant of 3.5 N/m and spring length of 0.27 m. 
 
 The model was further developed to include the force of the impactor hitting the target 
material “ground”. A piecewise function was added to the second differential equation such that 
the force would only be present at an adjustable height. The ground was modeled as a spring 
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with a very stiff spring constant of 300,000 N/m. A plot of the output of the simulation with the 
ground force included is shown below in Figure 11.  
 
 
Figure 11. Plot of velocity and position output for the same system as Figure 10 with an 
additional ground force acting at a distance of 0.18 m away from the initial position of the 
impactor.  
 
Based on the simple model results I selected a spring with a spring constant of 3.5 N/m 
and a brass, 2-cm diameter, 31-g mass projectile. The projectile was also the same approximate 
mass and diameter of the heaviest projectiles used in the PRIME-3 experiments, and the regolith 
material was selected to replicate the regolith used in the PRIME-3 campaign. The experiment 








Table 4. Tabletop experiment parameters. 




Spring Length (m) Grain Type Grain Size (µm) 









Figure 12 shows a still frame capturing the impact of the projectile into quartz sand at an 
impact speed of 34 cm/s, and Figure 13 shows the rebound of the projectile with no observable 
mass transfer.  
 
 
Figure 12. Still frame of projectile contacting quartz sand at an impact speed of 34 cm/s. 
 
 
Figure 13. Still frame of the projectile rebounding with no observable mass transfer of the quartz 




The projectile impacts ranged from 25 – 60 cm/s and each impact produced only a 
monolayer of granular material onto the projectile. This result is inconsistent with observations 
produced by PRIME and COLLIDE where more significant mass transfer is observed. 
Additionally, simply pressing the impactor into the regolith (thus dramatically increasing the 
contact forces) and pulling it up produced identical results to the spring pendulum impacts, i.e. 
no transfer of material. I concluded that the cohesion force between the grains was insufficient to 
overcome the force of gravity. Therefore, significant mass transfer due to a low-velocity 
collision between a cm-size projectile and µm-size grains requires a microgravity environment.  
Drop Tower Experiment   
 Based on the null results of the previous set of experiments, I modified the spring 
pendulum system to make use of our laboratory’s 3.7-m drop tower which provides a 
microgravity environment for ~ 0.75 s via free-fall. This experimental apparatus was designed to 
simulate the rebound portion of the mass-transfer collision events observed in the flight 
experiments. The first experiments were performed both in air and in vacuum.  
Open-Air Drop Tower Experiment  
My open-air drop tower experiment apparatus (Figure 14) consists of a tube containing a 
cm-diameter marble suspended from a spring that begins in contact with a bed of regolith. When 
dropped in the drop tower the spring contracts during free-fall, thereby simulating the rebound 





Figure 14. Open-air drop tower experiment apparatus. 
 
I carried out a total of 47 microgravity rebound experiments with the open-air drop tower 
apparatus. The experiment parameters are provided in Table 5 and Figure 15 provides an 
example of a mass transfer event. The data were recorded by a GoPro Hero3+ camera at 240 or 
120 fps with 420 or 720p resolution respectively. The experiments were initially recorded at 240 
fps with 420p resolution, but subsequent experiments were later carried out at 120 fps due to the 
improved resolution achievable with the reduction in framerate.  A framerate of 120 fps was 
deemed sufficient to carry out the necessary measurements and the improvement of the image 
resolution aided the detection of mass transfer events.  
 
Table 5. Open air drop tower experiment parameters. 
Projectile Regolith 
Diameter (cm) Mass (g) Material Grain Type Grain Size (µm) 
1.9 10 Quartz Quartz Sand 75-250 
JSC-1 125-250 







Figure 15. Still frame of 31-g steel projectile with observable mass transfer from quartz sand. 
 
Vacuum Drop Tower Experiment  
My preliminary drop tower experiment design was useful as a proof of concept to 
demonstrate that mass transfer events could be observed through low-energy interactions in a 
free-fall environment in the laboratory. To produce data under conditions relevant to airless 
bodies, and for a more direct comparison to the flight experiments, I transitioned the drop tower 
apparatus into a vacuum chamber (Figure 16) that had previously been used for different 





Figure 16. Vacuum drop tower apparatus. The chamber is detached from a vacuum pump shortly 
before an experiment is performed, and a Swagelok quick-disconnect fitting maintains vacuum 
inside the tube for the duration of the experiment.  
 
We carried out a total of 158 experiments with the vacuum drop tower apparatus. The 
experiment parameters for all cases are provided in Table 6.  
 
Table 6. Vacuum drop tower experiment parameters. 
Projectile Regolith 



















Observations and Measurements 
In the following sections I describe my measurement approach for various parameters 
thought to influence mass transfer and the resulting outcomes of the drop tower, parabolic flight 
and suborbital flight experiments.  
Measurement Acquisition  
 While there are nearly an infinite number of parameters that could be considered when 
analyzing these experimental results, I only considered measurable parameters with the greatest 
potential to influence the mass transfer outcome of a projectile rebounding from a bed of 
granular material. These parameters include the projectile mass (MM), projectile diameter (MD), 
projectile rebound acceleration (RA), the ratio of the extent of the projectile embedded in the 
regolith to the projectile diameter (i.e. regolith coverage, Figure 17) (RC), projectile surface 
roughness (MR), regolith grain type (GT), regolith grain size (GS), experiment type (i.e. flight 
vs. drop tower) (ET), and experiment pressure conditions (EP).  
 
Figure 17. Diagram to illustrate the measurements used to determine the regolith coverage ratio 
for each experiment. The regolith coverage parameter is defined as the maximum length of the 




Two parameters, rebound acceleration and regolith coverage, required image processing 
software to perform the required measurements. The software was used to track the change in 
position of the projectile as a function of time and the extent to which the projectile was initially 
embedded in the regolith. To carry out these measurements I used ImageJ (Schneider, Rasband, 
& Eliceiri, 2012), a Java-based image processing program, to track various properties of the 
projectile in each experiment. To read the data into ImageJ the video file is trimmed to the 
moment just before the projectile lifts from the regolith and the trimmed video is then converted 
into images. The images are spaced apart in time based on the frames per second (fps) of the 
recording, which was either 120 or 240 fps. To maintain consistency in the results I tracked for 
about 83 ms after the rebound of the projectile, which corresponded to 10 frames and 20 frames 
for 120 fps and 240 fps recordings respectively.   
To convert the measurements from image pixel units to physical units I used the ImageJ 
ellipse tool to measure the area of the projectile in pixels (pix) at 3 separate points in the tracked 
frames to solve for the radius of the projectile in pixels. I then calculated the pixel to cm ratio 
(pix/cm) by taking the radius of the projectile in pixels divided by the radius of the projectile in 
cm, and I used the average of the three calculated pix/cm values to convert the measurements 
from pixel space to cm space.  
I measured the position of the projectile at t = 0 ms and at t = 83 ms three times to 
calculate the rebound acceleration. The duration of time t for the projectile to cover this distance 
is given by the number of frames tracked divided by the fps, and the acceleration (RA) in m/s2 is 










. ( 13 )   
 
The average of these three rebound acceleration measurements is used as the rebound 
acceleration of the projectile in subsequent analysis.   
I calculated the depth of the projectile by measuring the height of the projectile above the 
surface of the regolith in pixels, converting the pixel length to cm, and subtracting this value 
from the diameter of the projectile in cm. The regolith coverage of the projectile is defined as the 
ratio between the maximum length of the projectile embedded in the regolith divided by the 
diameter of the projectile. I made this measurement three times for each experiment and used the 
average of these measurements in my subsequent analysis.  
For each experiment, I qualitatively assigned the mass transfer outcomes as either none, 
low, medium, or high. While several attempts were made to determine a viable quantitative 
approach, such as measuring the area of the grains adhered to the projectile surface or estimating 
a cone of material and an assumed regolith density, I deemed these approaches insufficient due 
to variable image quality, various geometry differences in the observations, and large potential 
variations in estimated regolith masses due to compaction. Therefore, I classified the qualitative 
mass transfer outcomes (MTOs) based on the following criteria (examples shown in Figure 18, 






None: No visible mass transfer at all, or only a monolayer of material consistent with our 
1-g experiment observations.  
 
Low: Clearly visible layer more significant than a monolayer, but minimal thickness 
beyond the projectile surface.  
 
 
Figure 18. Example of low mass transfer. 
 
 
Medium: Clearly visible extent of regolith beyond the surface of the projectile, 
potentially in a strip or conical shape.   
 
 




High: The projectile has a significant cone of regolith adhered to its surface or a clearly 
identifiable thick layer covering a large portion of the projectile surface.  
 
 
Figure 20. Example of high mass transfer. 
 
In the following sections I describe the mass transfer outcomes for the drop tower and 
flight experiments along with the associated experiment properties and measured parameters.  
Drop Tower Experiments  
 I carried out a total of 205 drop tower experiments: 47 in open air and 158 under vacuum 
conditions. I provide the observations from these drop tower experiments in the sections below.  
Open-Air Drop Tower Experiment  
I collected data from 47 open air drop tower experiments, 16 of which resulted in 
observable mass transfer of the target regolith simulant onto the projectile. Figure 21 shows 
examples of observations yielding mass transfer. From these images, it is clear that less mass is 
transferred than observed in the COLLIDE and PRIME experiments, but the quantities are more 
significant than a monolayer of granular material, thus we only have MTOs of “none” and “low” 
38 
 
for this set of experiments. The experiment parameters and measurements corresponding to those 
mass transfer events are provided in Table 7.  
 
 
Figure 21. Observations of mass transfer from regolith onto cm-size marble in an open-air, free-
fall environment. 
 









Quartz (75-250) 31 8.7 3.73 
Quartz (75-250) 31 51 5.76 
Quartz (75-250) 31 30 5.83 
Quartz (75-250) 31 42 4.49 
Quartz (75-250) 31 36 7.82 
Quartz (75-250) 31 25 5.47 
JSC (250-500) 31 18 4.93 
JSC (250-500) 31 14 6.81 
JSC (125-250) 31 30 7.62 
JSC (250-500) 31 16 5.50 
JSC (250-500) 31 23 5.10 
JSC (250-500) 31 4.7 6.56 
JSC (250-500) 31 7.0 5.61 
JSC (250-500) 31 16 7.39 
JSC (125-250) 31 18 7.69 




While little mass transfer occurred, there are perhaps two limits that can be set on MTOs 
for these experiments. First, no mass transfer was observed for rebound accelerations > 7.82 
m/s2, as shown in Figure 22. Second, no mass transfer was observed for regolith coverage < 
4.7% as shown in Figure 23.  
 
Figure 22. Mass transfer outcome vs rebound acceleration for open-air drop tower experiments, 






Figure 23. Mass transfer outcome vs regolith coverage for open air drop tower experiments, 
indicating a slight tendency of a higher MTO for cases with higher regolith coverages. 
 
Vacuum Drop Tower Experiment  
To collect data at pressures more comparable to flight experiment conditions and more 
relevant to planetary environments of interest, I transferred the experiment apparatus to a 






Figure 24. Vacuum drop tower experiment apparatus. 
 
I carried out 158 drop tower experiments in vacuum conditions, 33 of which resulted in 
observable mass transfer. Figure 25 shows examples of observations yielding mass transfer. 
From these images, it is clear that less mass is transferred than observed in the COLLIDE and 
PRIME experiments, but there is more significant mass transferred than a monolayer of granular 
material. The experiment parameters and measurements corresponding to those mass transfer 
events are provided in Table 8.  
 
 






Table 8. Experiment parameters yielding mass transfer for our vacuum drop tower experiments 





Quartz (75-250) 67 11 2.93 Low 
JSC (250-500) 67 17 0.89 Medium 
JSC (250-500) 67 11 3.75 Medium 
JSC (125-250) 31 3 5.25 Low 
Quartz (75-250) 10 6 6.15 Low 
Quartz (75-250) 10 1 5.55 Low 
Quartz (75-250) 10 13 4.25 Low 
Quartz (75-250) 31 4 5.08 Low 
Quartz (75-250) 31 8 5.54 Low 
Quartz (75-250) 31 3 2.95 Low 
Quartz (75-250) 31 7 3.12 Low 
Quartz (75-250) 31 6 3.24 Low 
Quartz (75-250) 31 6 4.78 Low 
JSC (250-500) 31 15 4.25 Low 
Orgueil (125-250) 31 50 5.87 Low 
Orgueil (125-250) 31 42 7.02 Low 
Orgueil (125-250) 31 35 5.38 Low 
Orgueil (125-250) 67 34 3.89 Low 
Orgueil (125-250) 67 47 3.20 Low 
Orgueil (125-250) 67 51 3.89 Low 
Orgueil (125-250) 67 42 3.50 Low 
Orgueil (125-250) 31 18 5.23 Low 
JSC (125-250) 226 42 1.72 Low 
JSC (125-250) 226 70 1.28 Low 
JSC (125-250) 226 65 1.23 Low 
JSC (125-250) 226 44 2.21 Low 
JSC (125-250) 226 52 1.75 Low 
Orgueil (125-250) 226 62 0.84 Low 
Orgueil (125-250) 226 23 1.30 Low 
Orgueil (125-250) 226 28 1.30 Low 
Orgueil (125-250) 67 46 3.21 Low 
Quartz (250-500) 67 37 2.70 Low 
Quartz (250-500) 67 35 1.47 Low 
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Again, there are slight dependences of the MTO on rebound acceleration (Figure 26) and 
the measured regolith coverage (Figure 27). As shown in Figure 26, only two experiments 
resulted in medium MTOs, and these only occurred for rebound accelerations < 3.75 m/s2. A 
greater number of low MTOs were observed, all with rebound accelerations < 7.02 m/ s2. 
Finally, the resulting MTOs for both the open-air and vacuum drop tower experiments are shown 
in Figure 28 and Figure 29. Figure 28 shows that the parameter space explored by the vacuum 
drop tower experiment expands upon the open-air experiments to include lower rebound 
accelerations and correspondingly more significant observed MTOs. Figure 29 shows that the 
parameter space of regolith coverage is also expanded to include a higher percentage of regolith 
coverage, though the relationship between regolith coverage and MTO is not clear from these 
observations.   
 















Figure 29. Mass transfer outcome vs. regolith coverage for our open air and vacuum drop tower 
experiments. 
 
Flight Experiments   
The COLLIDE-3, PRIME-3, and PRIME-4 experiments are conceptually identical in 
design and so I consider their results together. Of the 19 COLLIDE and PRIME experiments that 
resulted in rebound of the projectile from the bed of regolith, 14 resulted in observable mass 
transfer. Figure 30 shows examples of observations yielding mass transfer from the flight 
experiments, which resulted in more significant MTOs than observed in any of the drop tower 
experiments. The experiment parameters and measurements corresponding to those mass transfer 









Table 9. Experiment parameters yielding mass transfer for the flight experiments. 






Quartz (75-250) 10 2 0.004 Medium 
JSC (125-250) 10 23 0.31 Low 
Quartz (75-250) 31 20 0.38 High 
Quartz (75-250) 10 33 0.03 High 
JSC (125-250) 31 30 0.08 Medium 
JSC (125-250) 31 3 0.09 Medium 
Quartz (75-250) 10 52 0.03 High 
JSC (125-250) 31 30 0.07 Medium 
JSC (125-250) 10 43 0.09 Medium 
Orgueil (125-250) 10 44 5.40 Low 
Orgueil (125-250) 10 33 0.11 High 
Orgueil (125-250) 10 40 0.16 High 
Orgueil (125-250) 10 55 0.16 Low 





Figure 31. Rebound velocity vs. impact velocity for flight data. 
 
As shown in Figure 31, there is no clear relationship between projectile rebound velocity 
and impact velocity for the flight experiments. Similarly, there is no clear relationship between 
the granular bed coefficient of restitution (the ratio of the rebound velocity to the impact velocity 
of the marble) and marble impact velocity (Figure 32). Evaluating the dependence of mass 
transfer on the relevant parameters yields slightly more interesting results. While there is no clear 
relationship between mass transfer and impact velocity (Figure 33), there appears to be a more 
discernable relationship between mass transfer and rebound velocity (Figure 34), with lower 
rebound velocities resulting in more significant mass transferred. Similarly, Figure 35 shows that 
a ‘high’ MTO appears more likely for the lowest coefficient of restitution, but the remaining 
49 
 
outcomes are scattered. Figure 36 shows the relationship between MTO and projectile rebound 
acceleration for the flight data which indicates that MTO outcomes of ‘medium’ and ‘high’ only 
occur for rebound accelerations < 0.09 m/s2. Finally, comparing data from both the flight and 
drop tower experiments (Figure 37) suggests that more significant mass transfer is more likely 
for lower rebound accelerations, explaining the higher percentage of MTOs in the flight data, 
which predominantly occurred at lower values.  
 





























Figure 37. Mass transfer outcome vs. rebound acceleration for flight and drop tower data. 
 
 The observations provided above would benefit from more rigorous numerical 
investigation. In the following section I describe my statistical analysis approach to discern the 
relative statistical significance of each investigated parameter’s influence on the mass transfer 
outcome.  
Statistical Analysis    
In the following sections I describe my approach to statistically assess the relative 




 I carried out statistical analysis on the combined flight and drop tower data as well as the 
drop tower data alone. The parameters considered and their corresponding labels for the analysis 
are listed in Table 10.  
 
Table 10. Analysis Parameters and corresponding labels. 
Parameter Label 
Marble Mass MM 
Marble Diameter MD 
Regolith Coverage RC 
Marble Surface Roughness MR 
Marble Rebound Acceleration RA 
Regolith Grain Type GT 
Regolith Grain Size GS 
Experiment Type ET 
Experiment Pressure EP 
 
My statistical analysis approach required that the independent variable parameters be 
coded into groups based on relevant criteria. The rebound acceleration and regolith coverage 
values are continuous measurements that could be binned into many distinct groups; however, 
there are five possible groupings of marble mass, two for marble diameter, two for surface 
roughness, three for regolith grain size distribution, three for regolith grain type, two for 
experiment pressure, and two for experiment type. For my preliminary investigation I opted for 
the simplest approach given the number of possible levels for each parameter which results in 
coding each parameter into two levels. I coded each parameter into two levels based on the 
criteria listed in Table 11 and Table 12 for the combined (drop tower and flight) and drop tower 




Table 11. Coded parameter values for the combined data set. 
Parameter Coded Value 1  Coded Value: 2 
MM < 30 g  > 30 g  
MD < 2-cm > 2-cm 
MR Smooth Rough 
RA < 4.99 m/s2 > 4.99 m/s2 
RC < 23.5% > 23.5% 
GS < 250 µm > 250 µm 
GT Rounded Irregular 
ET Drop Tower Flight 
EP Atmosphere  Vacuum 
 
Table 12. Coded parameter values for the drop tower data set. 
Parameter Coded Value 1  Coded Value: 2 
MM < 30 g  > 30 g  
MD < 2-cm > 2-cm 
RA < 5.38 m/s2 > 5.38 m/s2 
RC < 24% > 24% 
GS < 250 µm > 250 µm 
GT Rounded Irregular 




The drop tower experiments were only carried out with smooth projectiles and so marble 
surface roughness and experiment type parameters were omitted from the corresponding 
analysis. The rebound acceleration and regolith coverage threshold values were selected based 
on the respective parameter’s median value to produce two equal groups. It was not possible to 
select thresholds representing even groups for the other parameters, so these selections were 
made based on discrete parameter properties that would allow for two distinct groups, as 
described below.  
Regolith grain type was split into an “irregular” grain type category for experiments 
performed with JSC-1 or Orgueil and a “rounded” grain type category for quartz sand.  The 
marble mass threshold of 30 g was selected because the upper limit marble mass in the flight 
experiments is 31-g, so the selected threshold would provide high and low levels of marble mass 
for both the flight data and drop tower data (i.e. the experiments with 31-g steel marbles would 
be classified in the high marble mass category and the experiments with 10-g quartz marbles in 
the low marble mass category). The marble diameter threshold was selected as 2-cm. However, it 
is difficult to assess the effect of marble diameter on mass transfer outcomes with the combined 
flight and drop tower data because the flight experiments were only carried out with marble 
diameters of approximately 2-cm. I address caveats with regards to interpreting the results of my 
analysis on the basis of the level selection for each parameter in the discussion section. 
The occurrence of each investigated parameter is shown in Figure 38 and Figure 39 for 
the drop tower and combined data, respectively. It is clear that certain parameters are 
overrepresented in the data sets, which must be taken into account when interpreting the 










































Analysis of Variance  
Analysis of Variance (ANOVA) provides information on how different levels of a 
parameter affect the outcome of a response variable by comparing the response variable means at 
those different parameter levels. ANOVA tests the null hypothesis that all the parameter level 
means are equal by comparing the variance between the means of different levels to the variance 
within each parameter level. If the means are equivalent within the specified confidence interval, 
the null hypothesis is supported, otherwise the null hypothesis is rejected and the parameter may 
be considered statistically significant in affecting the response variable outcome.  
One-Way ANOVA  
One-way ANOVA allows us to investigate the effect of a single parameter on the 
response variable outcome. In the following paragraphs I will briefly outline the one-way 
ANOVA model as described in (Montgomery, 2013). In one-way ANOVA the model for the 
data is given by  
𝑦𝑖𝑗 =  µ𝑖 + ɛ𝑖𝑗 {
𝑖 = 1, 2, … , 𝑎
𝑗 = 1, 2, … , 𝑛
  ( 14 ) 
 
where 𝑦𝑖𝑗 is the ijth observation, µ𝑖 is the mean of the ith parameter, and ɛ𝑖𝑗  is a random error 
component that includes unaccounted for sources of variability. This model assumes that the 
response variable is a linear function of the considered parameter. 𝑦𝑖  represents the sum of the 
response variable outcomes for the ith level, 𝑦𝑖.̅  represents the data mean for the ith level, 𝑦.. 
represents the sum of all the observations, and  𝑦..̅ represents the mean of all the observations. 
This can be written as: 
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𝑦𝑖. =  ∑ 𝑦𝑖𝑗
𝑛






    𝑖 = 1, 2, … , 𝑎 ( 16 ) 




𝑖=1  ( 17 ) 
 𝑦
..
=  𝑦../𝑁 ( 18 ) 
 
where 𝑁 = 𝑎𝑛 and represent the total number of observations. The hypotheses to test the 
equality of the a level means are given by: 
𝐻0: µ1 =  µ2 = ⋯ =  µ𝑎 ( 19 ) 
𝐻1: µ1 ≠  µ2 for at least one pair (𝑖, 𝑗) ( 20 ) 
 
where 𝐻0 is considered the null hypothesis. 
 To test for the equality of level means we use ANOVA. To perform this analysis, we 
need to assess the variability in the component parts of the data. The overall variability of the 
data is the total sum of squares given by: 




𝑖=1  ( 21 ) 
 
𝑆𝑆𝑇 can be written as 𝑆𝑆𝐿𝑒𝑣𝑒𝑙𝑠 + 𝑆𝑆𝐸 where 𝑆𝑆𝐿𝑒𝑣𝑒𝑙𝑠 represents the sum of squares due to the 
parameter levels and 𝑆𝑆𝐸 represents the sum of squares due to error. The mean squares for the 
parameter levels 𝑀𝑆𝐿𝑒𝑣𝑒𝑙𝑠 and error 𝑀𝑆𝐸  respectively are given by: 
𝑀𝑆𝐿𝑒𝑣𝑒𝑙𝑠 =  
𝑆𝑆𝐿𝑒𝑣𝑒𝑙𝑠
𝑎−1
 ( 22 ) 
𝑀𝑆𝐸 =  
𝑆𝑆𝐸
𝑁−𝑎
 ( 23 ) 
 
ANOVA formally tests the null hypothesis that there are no differences in the level means. The 
test statistic for the null hypothesis is given by,   










where the null hypothesis is rejected if 𝐹0 >  𝐹𝑎,𝑎−1,𝑁−𝑎. The parameter of interest for 
comparisons is the p-value, the likelihood of supporting the null hypothesis for a particular 
parameter. The 𝐹 ratio can be used to calculate the p-value through available look-up tables of 𝐹 
ratios with corresponding p-values (Montgomery, 2013). A p-value of 0.1 means the data suggest 
the null hypothesis is rejected 90% of the time, a p-value of 0.2 indicates the null hypothesis is 
rejected 80% of the time, etc. The analysis results are typically summarized in an ANOVA table 
as shown in Table 13.  
 







Mean Square F0 








𝑆𝑆𝐸  𝑁 − 𝑎 
Total 𝑆𝑆𝑇 𝑁 − 1 
 
I am also interested in assessing how well the model explains the data. The R2 value 
provides the percentage of the variation in the response variable that is explained by the model 
and is calculated as 1 − 𝑆𝑆𝐸. R
2 will always increase with the number of investigated parameters, 
so to compare models with different numbers of parameters as well as different numbers of 
observations between these parameters it is appropriate to consider the adjusted R2. The adjusted 
R2 is adjusted for the number of parameters in the model relative to the number of observations 
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and calculated as 1 − 
𝑀𝑆𝐸
𝑀𝑆𝑇
. The R2 and adjusted R2 values are calculated the same way for one-
way ANOVA as for the generalized analysis described in the following section.  
General Factorial Design 
One-way ANOVA is useful for investigating the effect of a single parameter at a time on 
the response variable, but this analysis is unable to assess the significance of interaction effects 
between parameters which have the potential to be equally or more important than the effect of a 
single parameter. If multiple parameters and their interactions are likely to influence the response 
variable of interest then it is better to extend the analysis to a technique known as general 
factorial design. In a factorial design all possible combinations of parameter levels are 
considered, and the data should be balanced between these possible combinations such that each 
required observation of a given parameter level combination (as determined by the generated 
factorial experiment design) is equally represented in the data.  
The factorial design model (Montgomery, 2013) can be represented by: 
 
𝑦𝑖𝑗𝑘 =  µ +  𝜏𝑖 +  𝛽𝑗 +  (𝜏𝛽)𝑖𝑗 + ɛ𝑖𝑗𝑘 {
𝑖 = 1, 2, … , 𝑎
𝑗 = 1, 2, … , 𝑏
𝑘 = 1, 2, … , 𝑛
 ( 25 ) 
 
where µ is the overall mean, 𝜏𝑖 is the effect of the ith level of the row parameter A, 𝛽𝑗 is the 
effect of the jth level of the column parameter B, (𝜏𝛽)𝑖𝑗 is the interaction between 𝜏𝑖 and 𝛽𝑗 and 
ɛ𝑖𝑗𝑘 is the error component. The hypotheses to test with this model include the equality of row 
parameter effects,  
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𝐻0: 𝜏1 = 𝜏2 = ⋯ =  𝜏𝑎 = 0 ( 26 ) 
𝐻1: at least one 𝜏𝑖  ≠ 0 ( 27 ) 
the equality of column parameter effects,  
𝐻0: 𝛽1 = 𝛽2 = ⋯ =  𝛽𝑏 = 0 ( 28 ) 
𝐻1: at least one 𝛽𝑗  ≠ 0 ( 29 ) 
and the equality of row and column parameter interactions,  
𝐻0: (𝜏𝛽)𝑖𝑗 = 0 for all 𝑖, 𝑗 ( 30 ) 
𝐻1: at least one (𝜏𝛽)𝑖𝑗  ≠ 0. ( 31 ) 
 
The following are terms produced through general factorial analysis: 𝑦𝑖.. represents the 
total of all observations until the ith level of parameter A, 𝑦.𝑗. represents the total of all 
observations under the jth level of parameter B, 𝑦𝑖𝑗. Represents the total of all observations in the 
ijth cell, and 𝑦... represents the grand total of all the observations. 𝑦𝑖.., 𝑦.𝑗., 𝑦𝑖𝑗., and  𝑦…  represent 
the corresponding row, column, cell, and grand averages. The corresponding mathematical 
representation of these terms is given as,  
 










      𝑖 = 1, 2, … , 𝑎 ( 33 ) 










      𝑗 = 1, 2, … , 𝑏 ( 35 ) 
𝑦𝑖𝑗. =  ∑ 𝑦𝑖𝑗𝑘
𝑛






   𝑖=1,2,…,𝑎
𝑗=1,2,…,𝑏
   ( 37 ) 












       ( 39 ) 
 
The total sum of squares is given by,  
𝑆𝑆𝑇 =  ∑ ∑ ∑ 𝑦𝑖𝑗𝑘













and can be expressed as a combination of the sum of squares of each individual parameter, their 
interaction, and the error as  
𝑆𝑆𝑇 = 𝑆𝑆𝐴 + 𝑆𝑆𝐵 +  𝑆𝑆𝐴𝐵 +  𝑆𝑆𝐸 ( 41 ) 
 
where  









 ( 42 ) 









 ( 43 ) 
 
 𝑆𝑆𝐴𝐵 is calculated by first calculating the sum of squares between the ab cell totals denoted by  










 ( 44 ) 
 
where 𝑆𝑆𝐴𝐵 =  𝑆𝑆Subtotals −  𝑆𝑆𝐴 −  𝑆𝑆𝐵. The sum of squares due to the error can be calculated by 







Table 14. Example Analysis of Variance Table for Multiple Parameter Model. 
Source of 
Variation 
Sum of Squares 
Degrees of 
Freedom 
Mean Square F0 
A SSA a – 1 𝑀𝑆𝐴 =  
𝑆𝑆𝐴
𝑎 − 1




B SSB b – 1 𝑀𝑆𝐵 =  
𝑆𝑆𝐵
𝑏 − 1




Interaction SSAB (a – 1)(b – 1) 𝑀𝑆𝐴𝐵 =  
𝑆𝑆𝐴𝐵
(𝑎 − 1)(𝑏 − 1)









Total SST abn – 1  
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To investigate the effect of two parameters at a time and their interaction on the mass 
transfer outcome I applied two parameter factorial design, also known as two-way ANOVA. The 
minimum required observations for a two-way two-level ANOVA for parameters A and B each 
with an observable value of 1 or 2 are shown in Table 15.  
 
Table 15. Experiment plan for two parameter two level factorial design, where observable values 







Factorial design analysis requires the data to be balanced such that the required 
combinations of parameters in each experiment is equally represented, as in Table 15; however, 
as seen in Figure 38 and Figure 39, the actual data sets are inherently unbalanced. Therefore, to 
apply factorial analysis to these data sets requires data that is balanced based on the desired 
parameter combination. In the following paragraphs I describe my approach to generate balanced 
data subsets to apply two-way ANOVA.  
 I wrote a python script to generate factorial experiment designs based on the criteria in 
Table 15. The experiment plans for each possible parameter combination were identical except 
for the headers. The number of possible combinations of n parameters from the total available set 






𝑚 =  
𝑛!
𝑚!(𝑛−𝑚)!
 ( 45 ) 
 
For the combined drop tower and flight data set I am investigating a total of 9 parameters 
resulting in 36 two-parameter combinations. For the drop tower data alone, I am investigating 7 
parameters resulting in 21 possible two-parameter combinations. There is sufficient data to 
investigate 24 of the possible 36 two-parameter combinations for the combined flight and drop 
tower data and 20 of the possible 21 two-parameter combinations for the drop tower data.  
Balanced two parameter combination data subsets were generated by sorting the data set 
into the required experiment combinations based on the appropriate factorial design. The script 
determines the number of replications for each possible combination (e.g. A 1 B 1, A 2 B 2, etc.) 
and the data is culled to only include experiments with equal representation of the required 
parameter combinations as determined by the parameter combination with the least number of 
experiments represented.  
For example, if "A 2 B 2" shows up in the data set three times and "A 1 B 2" only shows 
up twice and is the least represented experiment combination, only two of each necessary 
combination would be selected for inclusion in the subset so that the data is balanced and a 
particular combination is not over-represented. This approach means that not all of the 
experiments will be used for the two-way analysis, and experiments that could have been used 
based on the design requirements have the potential to be omitted when paring down to the 
lowest number of replications. To mitigate the biases that would be introduced by only 
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considering a single subset of the full data, the script generates 10,000 subsets based on random 
selections of the data that meet the factorial design criteria and two-way ANOVA is run on each 
of these generated subsets.  
Analysis Results (Combined Data)  
In this section I describe the results of my investigation into the relative influence of 
various factors on the amount of mass transfer observed for a variety of parameter combinations 
and data subsets. I used the Python statistical package OLS to carry out one-way and two-way 
ANOVA on the combined flight and drop tower data as well as the drop tower data alone. The 
two-way analysis was carried out on the 10,000 generated subsets as described in the previous 
section and the mean p-value, R2, and adjusted R2 values, as well as histogram distributions for 
the calculated p-values, were produced.  
For the ANOVA results the parameters highlighted in green indicate a ~90% confidence 
level of statistical significance (i.e. p-value <= 0.1), the parameters highlighted in yellow indicate 
a ~70% confidence level of statistical significance and are considered trending towards statistical 
significance (i.e. p-value <= ~0.3), and the parameters highlighted in red are considered 
statistically insignificant with p-values > ~0.3. Histograms of the p-value distributions for each 
of the 10,000 generated data subsets are provided in APPENDIX A: COMBINED DATA 
HISTOGRAMS. If the mean p-value for the parameter is near 0.3 and the histogram distribution 
of p-values is peaked towards 0 the parameter is considered trending towards statistical 
significance and highlighted in yellow as well.  
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One-Way ANOVA (Combined Data Set) 
Table 16 provides the results from the one-way ANOVA on the combined flight and drop 
tower data set. 
 
Table 16. One-Way ANOVA model results for each considered parameter. 
Parameter P-Value R-Squared (%) Adjusted R-Squared (%) 
Experiment Type 0.00 29.7 29.4 
Experiment Pressure 0.844 0.0 -0.43 
Marble Mass 0.057 1.63 1.18 
Marble Diameter 0.005 3.54 3.10 
Marble Roughness 0.0 11.5 11.1 
Rebound 
Acceleration 
0.00 5.41 4.98 
Regolith Coverage 0.415 0.30 -0.15 
Regolith Grain Size 0.038 1.93 1.49 
Regolith Grain Type 0.259 0.57 0.13 
 
The preliminary one-way ANOVA suggests that the experiment type is a statistically 
significant parameter and may account for ~30% of the mass transfer variance. The remaining 
most significant statistical parameters in order of significance are the marble surface roughness 
(accounting for ~11% of the mass transfer variance), rebound acceleration (accounting for ~5% 
of the mass transfer variance), marble diameter (accounting for ~3% of the mass transfer 
variance), marble mass (accounting for ~1% of the mass transfer variance) and regolith grain size 
(accounting for ~1.5% of the mass transfer variance). The experiment pressure and regolith 
coverage parameters both have p-values > 0.3 and negative adjusted R2 percentages which 
indicate that these parameters do not have a statistically significant effect on the mass transfer 
variance. The regolith grain type has a p-value between 0.1 and 0.3 and so this parameter is 
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classified as trending towards significance, though the adjusted R2 value indicates that this 
parameter may only account for ~0.1% of the mass transfer variance.  
In addition to learning which parameters have the most influence on mass transfer 
outcome, I am interested in what aspects of each parameter are most likely to produce mass 
transfer. These properties, known as main effects, were calculated by taking the mean of the 
response variable (mass transfer) for each parameter level. The main effects for the full 
combined drop tower and flight data sets are given in Table 17. The “low factor” indicates the 
parameter level that results in the least amount of mass transfer, and the “high factor” indicates 
the parameter level that results in the most amount of mass transfer. The values provided in the 
“low factor 90% CI” column correspond to the 90% confidence interval for the parameter level 
that produced the least amount of mass transfer, and the values provided in the “high factor 90% 
CI” column correspond to the 90% confidence interval for the parameter level that produced the 
most significant amount of mass transfer. The parameters are highlighted according to their 
corresponding p-value and are displayed graphically in Figure 40.   
 





















0.185, 0.312 1.318, 1.735 
Marble Diameter > 2-cm (0.213) < 2-cm (0.462) 0.103, 0.323 0.368, 0.555 
Marble Mass < 30 g (0.256) > 30 g (0.425) 0.142, 0.369 0.333, 0.518 
Marble Roughness Smooth (0.327) Rough (2.0) 0.259, 0.396 1.491, 2.509 
Regolith Grain 
Type 
Irregular (0.325) Rounded (0.433) 












Regolith Coverage < 25.3% (0.321) > 25.3% (0.393) 0.219, 0.424 0.291, 0.495 
Rebound 
Acceleration 
> 4.99 m/s2 (0.205) 
< 4.99 m/s2 
(0.509) 




Figure 40. Main effects plot for one-way ANOVA on combined data set. 
 
 The main effects results suggest that smaller grain sizes (< 250 µm), vacuum conditions, 
the flight experiment type, smaller marble diameters (< 2-cm), larger marble masses (> 30 g), 
rough marble surfaces, rounded grain types, higher regolith coverage (> 25.3%) and lower 
rebound accelerations (< 4.99 m/s2) are more likely to result in mass transfer than their 
counterpart factors.   
Two-Way ANOVA (Combined Data Set) 
 The one-way ANOVA on the combined data set suggests that while experiment type is 
certainly a significant parameter in determining mass transfer outcomes it is likely that several 
other parameters, and potentially interactions between parameters, contribute to the mass transfer 
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variance as well. In this case it is best to expand the statistical analysis of the data set to multiple 
parameters. However, though one-way ANOVA is robust to unbalanced data sets, general 
factorial analysis (including two-way ANOVA) requires that each parameter investigated and 
their corresponding levels are equally represented in the data. Therefore, the two-way ANOVA 
was performed on subsets of the full 224 experiment data set.  
I had sufficient data to analyze 24 of the possible 36 parameter combination pairs. These 
combinations and the corresponding number of replications of the required factorial experiment 
design are listed in Table 18. The column headers in Table 18 represent the parameter 
combination and the corresponding parameter level combination. 1 1 corresponds to A 1 B 1, 2 1 
corresponds to A 2 B 1, 1 2 corresponds to A 1 B 2 and 2 2 corresponds to A 2 B 2 for parameter 
combination A, B. The table entries correspond to the specific parameter combinations along 
with the number of replications available for each parameter level combination. The limiting 
replication count is highlighted in red and given in bold next to the parameter combination in the 
first column.  
 
Table 18. Replications available in data subsets for 24 investigated two parameter combinations. 
Parameter Combination 
(Limiting replication count) 
1 1 2 1 1 2 2 2 
GS, EP (12) 35 12 124 53 
GS, ET (2) 142 63 17 2 
GS, GT (21) 46 113 21 44 
GS, MD (32) 97 33 62 32 




(Limiting replication count) 
1 1 2 1 1 2 2 2 
GS, RA (31) 78 81 34 31 
GS, RC (31) 31 78 34 31 
GT, EP (21) 21 26 46 131 
GT, ET (4) 63 142 4 15 
MD, GT (30) 37 30 93 64 
MD, MM (44) 44 46 86 48 
MD, RA (30) 48 82 64 30 
MD, RC (33) 79 51 33 61 
MM, EP (17) 17 30 73 104 
MM, ET (4) 75 130 15 4 
MM, GT (28) 28 39 62 95 
RA, EP (6) 6 41 106 71 
RA, GT (24) 43 24 69 88 
RA, MM (39) 39 51 73 61 
RA, RC (53) 53 59 59 53 
RC, EP (11) 36 11 76 101 
RC, ET (5) 107 98 5 14 
RC, GT (28) 39 28 73 84 




To ensure that each subset was balanced each parameter level combination is limited by 
the level combination with the lowest representation in the full data set. For example, the 
parameter combination GT, ET has 4 replications of GT 1 ET 2, 15 replications for GT 2 ET 2, 
63 replications for GT 1 ET 1 and 142 replications for GT 2 ET 1. Therefore, to generate a 
balanced subset, I need to select 4 replications from each of the possible 15, 63, and 142 of the 
remaining experiment level combinations. To fully investigate all possible unique combinations 
for this particular case (GT, ET) would require running two-way ANOVA ~1016 times which 
would be too computationally expensive. To determine a sufficient number of combinations I ran 
a script to generate 1,000, 10,000 and 100,000 subsets based on random pulls from the full data 
set that would still meet the factorial design criteria. The results for each subset draw are shown 
in Table 19.  
 








GT 0.634 1,000 
ET 0.001 1,000 
GT*ET 0.120 1,000 
78% 72% 
GT 0.625 10,000 
ET 0.001 10,000 
GT*ET 0.120 10,000 
78% 72% 
GT 0.628 100,000 
ET 0.001 100,000 
GT*ET 0.12 100,000 
 
The model outputs for the 10,000 and 100,000 generated subsets are identical to two 
significant figures and the interpretation of the results would not differ at all. I therefore opted to 
carry out the analysis with 10,000 runs of each two-way ANOVA model.  
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The two-way ANOVA model results for the 24 two parameter combinations investigated 
are provided in Table 20. Each parameter and p-value is highlighted based on statistical 
significance (green = significant i.e. p-value < 0.1, yellow = trending towards significance i.e. 
~0.1 < p-value < ~0.3, red = not significant i.e. p-value > ~0.3). 
 























































































































Table 21 provides an alternative representation of the interaction effect p-values in a way that 
more clearly shows which possible parameter combinations are represented and which are 
missing. For example, I had insufficient data to investigate interaction effects between marble 
surface roughness and any other parameter.  
 
 
Table 21. Interaction effect p-values from two-way ANOVA models. 
 ET EP MM MD MR RA RC GT GS 
ET   0.409    0.502 0.12 0.203 
EP   0.12   0.487 0.428 0.347 0.13 
MM 0.409 0.12  0.05  0.294 0.314 0.449 0.191 
MD   0.05   0.409 0.427 0.111 0.301 
MR          
RA  0.487 0.294 0.409   0.265 0.419 0.179 
RC 0.502 0.428 0.314 0.427  0.265  0.456 0.085 
GT 0.12 0.347 0.449 0.111  0.419 0.456  0.223 
GS 0.203 0.13 0.191 0.301  0.179 0.085 0.223  
 
The p-values and R2 values given in Table 20 represent the mean of 10,000 ANOVA 
model runs for each parameter combination. It is also valuable to consider the shape of the 
distribution of p-values for these models. The statistical significance of a parameter with a broad 
histogram distribution of p-values would be less convincing compared to a distribution that is 
peaked towards a p-value of 0. Examples of histogram distributions for a statistically significant 
parameter, a parameter trending towards statistical significance, and a statistically insignificant 





Figure 41. RA, MM data set p-value histogram for RA parameter. The p-value distribution is 





Figure 42. RA, MM data set p-value histogram for RA MM interaction parameter. The p-value 
distribution is > 0.1 but is < ~0.3 and peaked at 0 so the parameter is considered trending towards 






Figure 43. RA, MM data set p-value histogram for MM parameter. The p-value distribution is 
broad with a mean value of 0.423 so the parameter is not considered statistically significant. 
 
Histograms that led to a reassignment of the statistical significance of a parameter from 
‘not statistically significant’ to ‘trending towards statistical significance’ are provided in Figure 
44 through Figure 47 and the remaining histograms are included in APPENDIX A: COMBINED 
DATA HISTOGRAMS. The histograms in the appendix are presented in groups of three with 
the p-value of the interaction between the two-parameter combination and the p-values of the 
respective parameters considered. The red vertical line indicates a p-value of 0.1 which I 




Figure 44. GT, EP data set p-value histogram for GT EP interaction parameter. The p-value is 
greater than 0.3 with a value of 0.347, but the distribution is peaked towards 0 so I consider this 




Figure 45. GT, EP data set p-value histogram for EP parameter. The p-value is greater than 0.3 
with a value of 0.343, but the distribution is peaked towards 0 so I consider this parameter to be 




Figure 46. MM, GT data set p-value histogram for GT parameter. The p-value is greater than 0.3 
with a value of 0.337, but the distribution is peaked towards 0 so I consider this parameter to be 





Figure 47. RC, MM data set p-value histogram for RC MM interaction parameter. The p-value is 
greater than 0.3 with a value of 0.314, but the distribution is peaked towards 0 so I consider this 
parameter to be trending towards statistical significance. 
 
The above analysis provides information on which parameters could be considered 
statistically significant in affecting the amount of mass transferred, but I am also interested in 
which level of these parameters would yield the highest amount of mass transfer. The 
calculations for the main effects are identical to the procedure described for the one-way 
ANOVA, but the calculations were performed by taking the mean of the 10,000 subsets as 
opposed to the single full data set analyzed for the one-way ANOVA. The main effects for the 
parameters in each parameter combination investigated in the two-way ANOVA are given in 
Table 22.  
 
Table 22. Main effects for combined flight and drop tower two parameter combination subsets. 
Combination Parameter Low Factor (Mean) High Factor (Mean) 
GT, EP 
EP Atmosphere (0.335) Vacuum (0.406) 
GT Irregular (0.348) Rounded (0.393) 
GT, ET 
ET Drop Tower (0.257) Flight (1.98) 
GT Irregular (0.715) Rounded (1.518) 
MM, EP 
EP Atmosphere (0.0) Vacuum (0.393) 
MM < 30 g (0.0) > 30 g (0.393) 
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Combination Parameter Low Factor (Mean) High Factor (Mean) 
MM, ET 
ET Drop Tower (0.04) Flight (2.248) 
MM < 30 g (0.04) > 30 g (2.248) 
MM, GT 
GT Rounded (0.393) Irregular (0.413) 
MM < 30 g (0.393) > 30 g (0.413) 
RC, EP 
EP Vacuum (0.360) Atmosphere (0.411) 
RC < 25.3% (0.311) > 25.3%: (0.460) 
RC, ET 
ET Drop Tower (0.251) Flight (1.55) 
RC > 25.3% (0.866) < 25.3% (0.936) 
RC, MM 
MM < 30 g (0.251) > 30 g (0.424) 
RC < 25.3% (0.286) > 25.3% (0.389) 
RC, GT 
GT Irregular (0.322) Rounded (0.433) 
RC < 25.3% (0.349) > 25.3% (0.406) 
RA, EP 
EP Vacuum (0.324) Atmosphere (0.412) 
RA > 4.99 m/s2 (0.229) < 4.99 m/s2 (0.508) 
RA, GT 
GT Irregular (0.344) Rounded (0.41) 
RA > 4.99 m/s2 (0.251) < 4.99 m/s2 (0.503) 
RA, MM 
MM < 30 g (0.285) > 30 g (0.418) 
RA > 4.99 m/s2 (0.193) < 4.99 m/s2 (0.51) 
RA, RC 
RC < 25.3% (0.325) > 25.3% (0.381) 
RA > 4.99 m/s2 (0.202) < 4.99 m/s2 (0.503) 
MD, GT 
GT Irregular (0.315) Rounded (0.400) 
MD > 2-cm (0.183) < 2-cm (0.532) 
MD, MM 
MM < 30 g (0.262) > 30 g (0.423) 
MD > 2-cm (0.21) < 2-cm (0.477) 
MD, RC 
RC < 25.3% (0.28) > 25.3% (0.407) 
MD > 2-cm (0.204) < 2-cm (0.483) 
MD, RA 
RA > 4.99 m/s2 (0.14) < 4.99 m/s2 (0.541) 
MD > 2-cm (0.156) < 2-cm (0.525) 
EP, GS 
GS > 250 µm (0.356) < 250 µm (0.358) 
EP Vacuum (0.294) Atmosphere (0.42) 
GS, ET 
ET Drop Tower (0.244) Flight (0.854) 
GS > 250 µm (0.111) < 250 µm (0.986) 
GT, GS 
GS > 250 µm (0.185) < 250 µm (0.467) 
GT Irregular (0.310) Rounded (0.342) 
GS, MM 
MM < 30 g (0.196) > 30 g (0.421) 
GS > 250 µm (0.205) < 250 µm (0.411) 
RC, GS 
GS > 250 µm (0.208) < 250 µm (0.414) 
RC > 25.3% (0.292) < 25.3% (0.33) 
RA, GS 
GS > 250 µm (0.214) < 250 µm (0.418) 
RA > 4.99 m/s2 (0.201) < 4.99 m/s2 (0.431) 
GS, MD MD > 2-cm (0.207) < 2-cm (0.389) 
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Combination Parameter Low Factor (Mean) High Factor (Mean) 
GS > 250 µm (0.215) < 250 µm (0.381) 
 
The main effects plots for each statistically significant or nearly statistically significant 
parameter within the two parameter combinations considered are provided in APPENDIX C: 
COMBINED DATA MAIN EFFECTS. 
The main effects results suggest that higher marble mass (> 30 g), smaller marble 
diameter (< 2-cm), lower rebound acceleration (< 4.99 m/s2), smaller regolith grain size (< 250 
µm), higher experiment pressure (atmosphere), and the flight experiment type are all more likely 
to result in increased mass transfer outcomes regardless of the data subset considered. For the 
regolith grain type and regolith coverage, however, the results were not as clear, with higher 
regolith coverage resulting in more mass transfer for the parameter combinations with EP, and 
MM, and lower regolith coverage resulting in more mass transfer with the ET parameter 
combination. The regolith grain type also produced inconclusive results with more mass transfer 
with rounded grains for the EP, ET, RC, RA, MD, and GS combinations and irregular grains 
producing more mass transfer for the MM and GT combinations.  
In addition to assessing which level of each parameter would result in the highest amount 
of mass transfer, I am also interested in determining how the interactions between the levels of 
each parameter influence the amount of mass transferred. The interaction effects are determined 
by taking the mean of the response variable outcome for each parameter level combination. For 
example, to find the interaction effect between regolith grain size and experiment pressure I take 
the mean of the mass transfer outcome for experiments with grain sizes < 250 µm under vacuum, 
the mean of the mass transfer outcome for experiment with grain sizes < 250 µm under 
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atmosphere, the mean of the mass transfer outcome for experiments with grain sizes > 250 µm 
under vacuum and the mean of the mass transfer outcome for experiments with grain sizes > 250 
µm under atmosphere. The interaction would then be visualized as two lines, one connecting the 
means of the mass transfer outcomes for vacuum conditions at < 250 µm and > 250 µm 
respectively and the other line connecting the means of the mass transfer outcomes for 
atmosphere conditions at < 250 µm and > 250 µm respectively. If these lines intersect then it is 
likely there is an interaction effect between the two parameters (e.g. Figure 147).  
The means calculated for each parameter combination used to visualize interaction 
effects are given in Table 23. Parameter combinations are highlighted depending on whether the 
calculated parameter interaction (i.e. A*B for parameters A, B) is statistically significant, 
trending towards statistical significance, or not statistically significant. The interaction effect 
plots from the mean values given in Table 23 are provided in APPENDIX D: COMBINED 
DATA INTERACTION EFFECTS. 
Parameter combinations in bold indicate that the parameter main effects intersect (as seen 
in the figures in the associated appendix) indicating a potential interaction effect. The 
interpretation of the results of the one-way and two-way ANOVA on the combined data set is 
provided in the discussion section for this chapter. 
 
Table 23. Factor means for parameters within a given parameter combination subset to plot 
interaction effects. Statistically significant interactions are highlighted in green, interactions 
trending towards statistical significance are highlighted in yellow, and interaction effects that are 
not statistically significant are highlighted in red.  
Parameter Combination Low Factor (Mean) High Factor (Mean) 
GS, EP  
< 250 µm Atmosphere (0.258) Vacuum (0.458) 
> 250 µm Vacuum (0.131) Atmosphere (0.582) 
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Parameter Combination Low Factor (Mean) High Factor (Mean) 
GS, ET 
< 250 µm Drop Tower (0.264) Flight (1.71) 
> 250 µm  Flight (0.0) Drop Tower (0.223) 
GS, MD 
< 250 µm > 2-cm (0.226) < 2-cm (0.536) 
> 250 µm > 2-cm (0.188) < 2-cm (0.242) 
GS, MM 
< 250 µm < 30 g (0.391) > 30 g (0.431) 
> 250 µm < 30 g (0.0) > 30 g (0.411) 
GS, RA 
< 250 µm > 4.99 m/s2 (0.234) < 4.99 m/s2 (0.627) 
> 250 µm > 4.99 m/s2 (0.193) < 4.99 m/s2 (0.234) 
GS, RC    
< 250 µm < 25.3% (0.308) > 25.3% (0.519) 
> 250 µm  > 25.3% (0.065) < 25.3% (0.352) 
GT, EP  
Rounded Atmosphere (0.285) Vacuum (0.501) 
Irregular Vacuum (0.312) Atmosphere (0.385) 
GT, ET  
Rounded Drop Tower (0.286) Flight (2.75) 
Irregular Drop Tower (0.228) Flight (1.20) 
MD, GT  
< 2-cm  Irregular (0.364) Rounded (0.699) 
> 2-cm Rounded (0.100) Irregular (0.266) 
MD, MM 
< 2-cm > 30 g (0.416) < 30 g (0.523) 
> 2-cm < 30 g (0.00) > 30 g (0.416) 
MD, RA  
< 2-cm > 4.99 m/s2 (0.280) < 4.99 m/s2 (0.770) 
> 2-cm > 4.99 m/s2 (0.00) < 4.99 m/s2 (0.311) 
MD, RC  
< 2-cm < 25.3% (0.381) > 25.3% (0.586) 
> 2-cm  < 25.3% (0.180) > 25.3% (0.229) 
MM, ET  
< 30 g  Drop Tower (0.041) Flight (1.34) 
> 30 g  Drop Tower (0.370) Flight (2.25) 
MM, GT  
< 30 g  Irregular (0.192) Rounded (0.395) 
> 30 g  Irregular (0.411) Rounded (0.462) 
RA, EP 
< 4.99 m/s2 Atmosphere (0.502) Vacuum (0.506) 
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Parameter Combination Low Factor (Mean) High Factor (Mean) 
> 4.99 m/s2 Vacuum (0.141) Atmosphere (0.317) 
RA, GT  
< 4.99 m/s2 Rounded (0.488) Irregular (0.521) 
> 4.99 m/s2 Irregular (0.169) Rounded (0.335) 
RA, MM  
< 4.99 m/s2 > 30 g (0.509) < 30 g (0.513) 
> 4.99 m/s2 < 30 g (0.059) > 30 g (0.329) 
RA, RC  
< 4.99 m/s2 < 25.3% (0.415) > 25.3% (0.591) 
> 4.99 m/s2 > 25.3% (0.170) < 25.3% (0.237) 
GS, GT   
< 250 µm Irregular (0.346) Rounded (0.589) 
> 250 µm Rounded (0.096) Irregular (0.274) 
RC, EP  
< 25.3% Atmosphere (0.280) Vacuum (0.344) 
> 25.3% Vacuum (0.376) Atmosphere (0.546) 
RC, ET  
< 25.3% Drop Tower (0.260) Flight (1.58) 
> 25.3% Drop Tower (0.233) Flight (1.50) 
RC, GT 
< 25.3% Irregular (0.258) Rounded (0.436) 
> 25.3% Irregular (0.381) Rounded (0.428) 
RC, MM 
< 25.3% < 30 g (0.139) > 30 g (0.435) 
> 25.3% < 30 g (0.362) > 30 g (0.417) 
MM, EP  
< 30 g  Atmosphere (0.0) Vacuum (0.316) 
> 30 g  Vacuum (0.394) Atmosphere (0.531) 
 
I found that the experiment type is a statistically significant parameter in influencing the 
amount of mass transferred and therefore it may not be appropriate to combine the data sets 
when investigating the effects of the remaining parameters. In the following section I apply an 
identical analysis procedure to the drop tower data with the flight experiments omitted.  
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Analysis Results (Drop Tower Data)  
In this section I describe the one-way and two-way ANOVA results for the 205 drop 
tower experiments. The experiment parameters considered in the drop tower data are experiment 
pressure, marble mass, marble diameter, rebound acceleration, regolith coverage, regolith grain 
size, and regolith grain type. There are a total of 21 possible two parameter combinations from 
these 7 parameters and I have sufficient data to investigate 20 of these combinations. The 
missing combination, experiment pressure and marble diameter, was not investigated because 
experiments with projectile diameters > 2-cm were only carried out under vacuum conditions.  
One-Way ANOVA (Drop Tower) 
Table 24 provides the results from the one-way ANOVA on the drop tower data set.   
 
Table 24. One-way ANOVA model results for each considered parameter in our drop tower 
experiment data set. 
Parameter P-Value R-Squared (%) Adjusted R-Squared (%) 
Experiment Pressure 0.116 1.21 0.72 
Marble Mass 0.000 12.2 11.8 
Marble Diameter 0.299 0.53 0.04 
Rebound 
Acceleration 
0.012 3.05 2.57 
Regolith Coverage 0.468 0.26 -0.23 
Regolith Grain Size 0.579 0.15 -0.34 
Regolith Grain Type 0.441 0.29 -0.20 
  
The one-way ANOVA results suggest that marble mass and rebound acceleration are 
statistically significant parameters accounting for ~12% and ~3% of the mass transfer variance 
respectively. The experiment pressure is near statistical significance and may account for ~1% of 
the mass transfer variance. The marble diameter is trending towards statistical significance, but 
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the adjusted R2 indicates that this parameter explains a very insignificant amount of the mass 
transfer variance. Regolith grain type, regolith grain size, and regolith coverage are all 
considered statistically insignificant in affecting the amount of mass transfer produced.  
 The main effects values for each parameter considered in the drop tower experiments are 
given in Table 25. The parameters are highlighted according to their corresponding p-value and 
are displayed graphically in Figure 48.  
 










Regolith Grain Size > 250 µm (0.222) < 250 µm (0.261) 0.127, 0.317 0.197, 0.324 
Experiment 
Pressure 
Vacuum (0.222) Atmosphere (0.340) 
0.162, 0.281 0.231, 0.450 
Marble Diameter > 2-cm (0.213) < 2-cm (0.279) 0.135, 0.290 0.208, 0.351 






Irregular (0.232) Rounded (0.286) 
0.169, 0.296 0.191, 0.381 
Regolith Coverage > 24.0% (0.226) < 24.0% (0.272) 0.153, 0.300 0.197, 0.348 
Rebound 
Acceleration 
> 5.38 m/s2 
(0.168) 
< 5.38 m/s2 (0.327) 





Figure 48. Main effects plot for one-way ANOVA on drop tower data set. 
 
The main effects results suggest that smaller grain sizes (< 250 µm), atmosphere conditions, 
smaller marble diameters (< 2-cm), larger marble masses (> 30 g), rounded grain types, higher 
regolith coverage (> 24%) and lower rebound accelerations (< 5.38 m/s2) are more likely to 
result in mass transfer than their counterpart factors.  
Two-Way ANOVA (Drop Tower) 
 The one-way ANOVA on the drop tower data set results suggest that marble mass and 
rebound acceleration are significant parameters in explaining the mass transfer outcomes, but it 
is likely that several other parameters, and potentially interactions between parameters, 
contribute to the mass transfer variance as well. Therefore, it is appropriate to carry out analysis 
that investigates the effects of multiple parameters simultaneously. There is sufficient data to 
analyze 20 of the possible 21 parameter combination pairs. The replications for each parameter 
combination (identical to the approach that produced Table 18) is shown in Table 26.  
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Table 26. Replications available in data subsets for 20 investigated two parameter combinations. 
Parameter Combination 
(Limiting replication count) 
1 1 2 1 1 2 2 2 
GS, MD (31) 80 31 62 32 
GS, RA (28) 67 35 75 28 
GS, RC (30) 70 33 72 30 
GS, MM (29) 46 29 96 34 
GS, GT (21) 42 21 100 42 
GS, EP (12) 35 12 107 22 
MD, RA (29) 37 65 74 29 
MD, RC (30) 73 30 38 64 
MD, MM (29) 29 46 82 29 
MD, GT (30) 33 30 78 64 
RA, RC (49) 53 50 49 53 
RA, MM (26) 26 49 76 54 
RA, GT (23) 40 23 62 80 
RA, EP (7) 7 40 95 63 
RC, MM (37) 38 37 65 65 
RC, GT (28) 35 28 68 74 
RC, EP (12) 35 12 68 90 
MM, GT (25) 25 38 50 92 
MM, EP (17) 17 30 58 100 
GT, EP (21) 21 26 42 116 
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The two-way ANOVA model results for the 20 two parameter combinations investigated 
are provided in Table 27. Each parameter and p-value is highlighted based on statistical 
significance (green = significant i.e. p-value < 0.1, yellow = trending towards significance i.e. 
~0.1 < p-value < 0.3, red = not significant i.e. p-value > 0.3). 
 

































































































Table 28 provides an alternative representation of the interaction effect p-values and 
clearly shows which possible parameter combinations are represented and which are missing. 




Table 28. Interaction effect p-values from two-way ANOVA models for drop tower data set.  
EP MM MD RA RC GT GS 
EP  0.003  0.509 0.226 0.382 0.205 
MM 0.003  0.32 0.366 0.49 0.05 0.406 
MD  0.32  0.322 0.455 0.062 0.5 
RA 0.509 0.366 0.322  0.486 0.275 0.43 
RC 0.226 0.49 0.455 0.486  0.497 0.086 
GT 0.382 0.05 0.062 0.275 0.497  0.17 
GS 0.205 0.406 0.5 0.43 0.086 0.17  
 
The p-values and R2 values given in Table 27 represent the mean of 10,000 ANOVA 
model runs for each parameter combination. It is also valuable to consider the shape of the 
distribution of p-values for these models, as a flattened histogram would give us less confidence 
in the statistical significance of a parameter compared to a distribution that is peaked towards a 
p-value of 0. Histograms that lead to a reassignment of the statistical significance of a parameter 
from ‘not statistically significant’ to ‘trending towards statistical significance’ are provided in 
Figure 49 through Figure 52 and the remaining histograms are included in APPENDIX B: DROP 
TOWER HISTOGRAMS. The histograms in the appendix are presented in groups of three with 
the p-value of the interaction between the two-parameter combination and the p-values of the 
respective parameters considered. The red vertical line indicates a p-value of 0.1 which I have 





Figure 49. MD, RA data set p-value histogram for MD RA interaction parameter. The p-value is 
greater than 0.3 with a value of 0.323, but the distribution is peaked towards 0 so I consider this 
parameter to be trending towards statistical significance. 
 
 
Figure 50. MD, RA data set p-value histogram for RA parameter. The p-value is greater than 0.3 
with a value of 0.332, but the distribution is peaked towards 0 so we consider this parameter to 






Figure 51. MD, MM data set p-value histogram for MD MM interaction parameter. The p-value 
is greater than 0.3 with a value of 0.320, but the distribution is peaked towards 0 so I consider 




Figure 52. GS, GT data set p-value histogram for GT parameter. The p-value is greater than 0.3 
with a value of 0.312, but the distribution is peaked towards 0 so I consider this parameter to be 
trending towards statistical significance. 
 
The above analysis provides information on which parameters could be considered 
statistically significant in affecting the amount of mass transferred, but I am also interested in 
which level of these parameters would yield the highest amount of mass transfer. The 
calculations for the main effects are identical to the procedure described for the one-way 
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ANOVA, but the calculations were performed by taking the mean of the 10,000 subsets as 
opposed to the single full data set analyzed for the one-way ANOVA. The main effects for the 
parameters in each parameter combination investigated in the two-way ANOVA on the drop 
tower data set are given in Table 29.  
 
Table 29. Main effects for drop tower two parameter combination subsets. 
Combination Parameter Low Factor (Mean) High Factor (Mean) 
GS, EP 
GS < 250 µm (0.259) > 250 µm (0.340) 
EP Vacuum (0.199) Atmosphere (0.420) 
GS, MD 
GS > 250 µm (0.223) < 250 µm (0.257) 
MD > 2-cm (0.207) < 2-cm (0.273) 
GS, MM 
GS > 250 µm (0.206) < 250 µm (0.210) 
MM < 30 g (0.033) > 30 g (0.383) 
GS, RA 
GS > 250 µm (0.216) < 250 µm (0.264) 
RA > 5.38 m/s2 (0.172) < 5.38 m/s2 (0.309) 
GS, RC 
GS > 250 µm (0.220) < 250 µm (0.258) 
RC > 24% (0.179) < 24% (0.299) 
GT, EP 
GT Rounded (0.286) Irregular (0.292) 
EP Vacuum (0.242) Atmosphere (0.336) 
GT, MD 
GT Irregular (0.236) Rounded (0.278) 
MD > 2-cm (0.184) < 2-cm (0.330) 
MD, MM 
MD > 2-cm (0.208) < 2-cm (0.223) 
MM < 30 g (0.052) > 30 g (0.379) 
MD, RA 
MD > 2-cm (0.154) < 2-cm (0.297) 
RA > 5.38 m/s2 (0.118) < 5.38 m/s2 (0.332) 
MD, RC 
MD > 2-cm (0.210) < 2-cm (0.272) 
RC > 24% (0.229) < 24% (0.253) 
MM, EP 
MM < 30 g (0.00) > 30 g (0.321) 
EP Atmosphere (0.00) Vacuum (0.321) 
MM, GT 
MM < 30 g (0.120) > 30 g (0.358) 
GT Rounded (0.120) Irregular (0.358) 
RA, EP 
RA > 5.38 m/s2 (0.195) < 5.38 m/s2 (0.404) 
EP Vacuum (0.200) Atmosphere (0.403) 
RA, GT 
RA > 5.38 m/s2 (0.216) < 5.38 m/s2 (0.317) 
GT Irregular (0.244) Rounded (0.289) 
RA, MM 
RA > 5.38 m/s2 (0.162) < 5.38 m/s2 (0.232) 
MM < 30 g (0.039) > 30 g (0.355) 
RA, RC 
RA > 5.38 m/s2 (0.172) < 5.38 m/s2 (0.327) 
RC > 24% (0.231) < 24% (0.267) 
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Combination Parameter Low Factor (Mean) High Factor (Mean) 
RC, EP 
RC < 24% (0.268) > 24% (0.381) 
EP Vacuum (0.230) Atmosphere (0.420) 
RC, GT 
RC > 24% (0.234) < 24% (0.283) 
GT Irregular (0.234) Rounded (0.283) 
RC, MM 
RC > 24% (0.174) < 24% (0.236) 
MM < 30 g (0.040) > 30 g (0.370) 
 
The main effects results suggest that higher marble mass (> 30 g), smaller marble 
diameter (< 2-cm), and lower rebound acceleration (< 4.99 m/s2) are more likely to result in 
increased mass transfer outcomes regardless of the data subset considered. However, the results 
are not as clear for the regolith coverage, regolith grain type, regolith grain size and experiment 
pressure parameters. Higher regolith coverage resulted in more mass transfer for the parameter 
combinations with RA and EP and lower regolith coverage result in more mass transfer with the 
GS, MD, GT, and MM parameter combinations. Irregular grain type produced more mass 
transfer in the EP and MM parameter combinations and the rounded grain type produced more 
mass transfer in the MD, RA and RC parameter combinations. Larger grain sizes lead to more 
significant mass transfer in the EP parameter combination and smaller grain sizes lead to more 
significant mass transfer in the MD, MM, RA, and RC parameter combinations. More significant 
mass transfer was observed under vacuum conditions for the MM parameter combination and in 
atmosphere for the GS, GT, RA, RC parameter combinations. The main effects for each 
statistically significant or nearly statistically significant parameter within the two parameter 
combinations considered are provided in APPENDIX E: DROP TOWER MAIN EFFECTS. 
In addition to assessing which level of each parameter would result in the highest amount 
of mass transfer, I am also interested in determining how the interactions between the levels of 
each parameter influence the amount of mass transferred. The interaction effect calculations and 
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corresponding plots follow the same procedure described for the combined data set. The means 
calculated for each parameter combination used to visualize interaction effects are given in Table 
30 and shown as figures in APPENDIX F: DROP TOWER INTERACTION EFFECTS. 
Parameter combinations are highlighted depending on whether the calculated parameter 
interaction (i.e. A*B for parameters A, B) is statistically significant, trending towards statistical 
significance, or not statistically significant and shown in bold if the parameter main effects 
intersect indicating a potential interaction effect (e.g. Figure 179).  
 
Table 30. Factor means for parameters within a given parameter combination subset from drop 
tower data. Statistically significant interactions are highlighted in green, interactions trending 
towards statistical significance are highlighted in yellow, and interaction effects that are not 
statistically significant are highlighted in red.  
Parameter Combination Low Factor (Mean) High Factor (Mean) 
GS, EP  
< 250 µm Atmosphere (0.258) Vacuum (0.261) 
> 250 µm Vacuum (0.136) Atmosphere (0.583) 
GS, GT 
< 250 µm Irregular (0.209) Rounded (0.379) 
> 250 µm  Rounded (0.096) Irregular (0.286) 
GS, MD 
< 250 µm > 2-cm (0.225) < 2-cm (0.288) 
> 250 µm > 2-cm (0.188) < 2-cm (0.258) 
GS, MM 
< 250 µm < 30 g (0.064) > 30 g (0.354) 
> 250 µm < 30 g (0.0) > 30 g (0.410) 
GS, RA 
< 250 µm > 5.38 m/s2 (0.174) < 5.38 m/s2 (0.359) 
> 250 µm > 5.38 m/s2 (0.180) < 5.38 m/s2 (0.257) 
GS, RC   
< 250 µm < 24% (0.215) > 24% (0.306) 
> 250 µm > 24% (0.066) < 24% (0.364) 
GT, EP 
Rounded Atmosphere (0.284) Vacuum (0.285) 
Irregular Vacuum (0.199) Atmosphere (0.383) 
MD, GT 
< 2-cm Irregular (0.204) Rounded (0.453) 
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Parameter Combination Low Factor (Mean) High Factor (Mean) 
> 2-cm  Rounded (0.099) Irregular (0.265) 
MD, MM 
< 2-cm < 30 g (0.104) > 30 g (0.342) 
> 2-cm < 30 g (0.0) > 30 g (0.416) 
MD, RA 
< 2-cm > 5.38 m/s2 (0.243) < 5.38 m/s2 (0.352) 
> 2-cm > 5.38 m/s2 (0.0) < 5.38 m/s2 (0.307) 
MD, RC 
< 2-cm > 24% (0.263) < 24% (0.286) 
> 2-cm < 24% (0.202) > 24% (0.218) 
MM, EP 
< 30 g  Atmosphere (0.0) Vacuum (0.052) 
> 30 g  Vacuum (0.321) Atmosphere (0.534) 
MM, GT 
< 30 g  Irregular (0.0) Rounded (0.119) 
> 30 g  Irregular (0.358) Rounded (0.394) 
RA, EP  
< 5.38 m/s2 Vacuum (0.306) Atmosphere (0.572) 
> 5.38 m/s2 Vacuum (0.095) Atmosphere (0.303) 
RA, GT 
< 5.38 m/s2 Rounded (0.275) Irregular (0.355) 
> 5.38 m/s2 Irregular (0.139) Rounded (0.304) 
RA, MM 
< 5.38 m/s2 < 30 g (0.038) > 30 g (0.422) 
> 5.38 m/s2 < 30 g (0.041) > 30 g (0.295) 
RA, RC  
< 5.38 m/s2 > 24% (0.305) < 24% (0.340) 
> 5.38 m/s2 > 24% (0.170) < 24% (0.179) 
RC, EP 
< 24% Atmosphere (0.258) Vacuum (0.268) 
> 24% Vacuum (0.188) Atmosphere (0.585) 
RC, GT   
< 24% Irregular (0.236) Rounded (0.315) 
> 24% Irregular (0.230) Rounded (0.249) 
RC, MM 
< 24% < 30 g (0.079) > 30 g (0.369) 




The interaction effect plots from the mean values given in Table 30 are grouped by the statistical 
significance of the interaction effect and provided in APPENDIX F: DROP TOWER 
INTERACTION EFFECTS.   
In the following section I discuss the interpretations and physical implications of the 
combined drop tower and flight data set and drop tower data set statistical analysis results.  
Discussion  
Combined Data  
The one-way ANOVA analysis of the combined flight and drop tower data suggested that 
the fexperiment type is a statistically significant parameter and may account for ~30% of the 
mass transfer variance. The remaining most significant statistical parameters in order of 
significance were the marble surface roughness (accounting for ~11% of the mass transfer 
variance), rebound acceleration (accounting for ~5% of the mass transfer variance), marble 
diameter (accounting for ~3% of the mass transfer variance), marble mass (accounting for ~1% 
of the mass transfer variance) and regolith grain size (accounting for ~1.5% of the mass transfer 
variance). The experiment pressure and regolith coverage parameters both had large p-values and 
negative adjusted R2 percentages which indicated that these parameters do not have a statistically 
significant effect on the mass transfer variance. The regolith grain type was considered trending 
towards significance, but the adjusted R2 value indicated that this parameter may only account 
for ~0.1% of the mass transfer variance.  
The main effects results for the one-way ANOVA analysis of the combined data set 
suggested that smaller grain sizes (< 250 µm), rounded grains, vacuum conditions, the flight 
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experiment type, smaller projectile diameters (< 2-cm), larger projectile masses (> 30 g), rougher 
projectile surfaces, higher regolith coverage (> 25.3%), and lower rebound accelerations (< 4.99 
m/s2) are more likely to lead to higher mass transfer. The most significant difference in means 
was for experiment type and marble roughness suggesting mass transfer outcome differences are 
most distinct for flight vs. drop tower experiment types and rough vs. smooth projectile surfaces.  
There are only four experiments with rough projectile surfaces, and each of these 
experiments were carried out with the flight experiment type which has systematically more 
significant mass transfer outcomes. The one-way ANOVA results may therefore be biased by the 
associated experiment type because the data set is not balanced to account for response variable 
variances introduced by other parameters. Additionally, surface roughness is known to decrease 
the adhesion force (Fuller & Tabor, 1975) for deviations on the order of ~1 µm. The surfaces of 
the marbles were coated with quartz sand with particle size distributions on the order of ~100 
µm, and so more macroscopic surface roughness may promote additional mass transfer by 
increasing the overall surface area available for the grains to coat the marble even if the 
individual adhesive forces are reduced due to reduced contact area.  
The one-way ANOVA results provide a starting point for analysis, but only consider the 
effect of a single parameter at a time on the mass transfer outcome. Given that our one-way 
ANOVA suggested that several parameters may contribute and interact with one another to 
influence the mass transfer outcome we extended the analysis to a two-level factorial analysis i.e. 
two-way ANOVA.  
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The two-way ANOVA analysis was carried out on 24 two-parameter combinations. 
However, several of the 24 two-parameter combinations had a small number of limiting 
replications which affect the interpretation of the results and are listed in Table 31.  
Table 31. Parameter combinations with significantly reduced limiting replication counts. 
Parameter Combination Lowest Replication Count Highest Replication Count  
GS, ET 2 142 
GT, ET 4 142 
MM, ET 4 130 
RA, EP 6 106 
RC, ET 5 107 
 
The two-way ANOVA indicated that experiment type, experiment pressure, regolith 
grain size, rebound acceleration, and marble diameter were statistically significant parameters 
influencing the mass transfer outcome as well as the interaction parameters of grain size with 
regolith coverage and marble diameter with marble mass in at least one parameter combination 
subset. However, some of these parameters and parameter combinations were considered only 
trending towards statistical significance or not statistically significant at all in other subsets. In 
the following paragraphs I outline these results and provide corresponding interpretations of the 
influence of each parameter on the mass transfer outcome.  
Experiment type was considered statistically significant in each balanced data subset that 
included the experiment type parameter except the GS, ET subset in which it was only 
considered to be ‘trending towards statistical significance’. As shown in Table 31 the GS, ET 
subset was limited to only 2 replications and therefore less confidence can be placed in results 
associated with that subset. Additionally, the p-value for ET in the GS, ET subset was ~0.18 with 
an adjusted R2 of 47%, in the GT, ET subset the p-value was 0.001 with an adjusted R2 of 72%, 
in the MM, ET subset the p-value was 0.087 with an adjusted R2 of 92% and in the RC, ET 
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subset the p-value was 0.085 with an adjusted R2  of 37%. The data subset balanced to 
investigate marble mass and experiment type explained on average 92% of the mass transfer 
variance. The somewhat lower adjusted R2 values for the remaining subsets could be explained 
by the lesser significance of the additional parameter, e.g. the data subset balanced for regolith 
coverage and experiment type would explain less of the overall variance in the data than the data 
subset balanced for marble mass because regolith coverage was not found to be a significant 
parameter and marble mass was found to be significant. I would therefore conclude that 
experiment type is a statistically significant parameter determining the mass transfer outcome 
and explains a significant portion of the mass transfer variance.  
Regolith grain size was considered a statistically significant parameter in the GS, GT (p-
value 0.051, adjusted R2  8%), GS, MM (p-value 0.047, adjusted R2 8%), and GS, RA (p-value 
0.08, adjusted R2 8%) subsets and the interaction between regolith grain size and regolith 
coverage was considered statistically significant (p-value 0.085, adjusted R2 7%) in the GS, RC 
subset. Regolith grain size was considered trending towards statistical significance (p-value 
0.146) in the GS, MD subset with an R2 of 5% and in the GS, EP subset with a p-value of 0.249 
and an adjusted R2 of 10%. Regolith grain size was not considered statistically significant in the 
GS, ET (p-value 0.597, adjusted R2 47%) and GS, RC (p-value 0.485, adjusted R2 7%) subsets. 
Though the GS, ET subset is limited to only 2 replications, the GS, RC subset has 31 replications 
available which leads to a reduced confidence in the statistical significance of the influence of 
regolith grain size on mass transfer outcome. Our data therefore suggest that the influence of 
regolith grain sizes between 75-250 µm and 250-500 µm on the observed mass transfer outcome 
are likely not very significant in influencing mass transfer outcomes and only explain a relatively 
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small percentage of the variation. This is not to suggest that regolith grain size would not 
influence mass transfer outcomes, but that the two-level analysis with these particular size 
distributions suggest these differences in grain sizes would not be a significant predictor in 
determining mass transfer outcomes. Further investigation into the influence of regolith grain 
size on the mass transfer outcome would therefore benefit from expanding the bounds of the 
parameter space to smaller and larger grain sizes and increasing the granularity (i.e. number of 
levels) in the factorial analysis.  
Rebound acceleration was considered a statistically significant parameter in the GS, RA 
(p-value 0.053, adjusted R2 8%), MD, RA (p-value 0.042, adjusted R2 16%) and RA, MM (p-
value 0.025, adjusted R2 7%) subsets. Rebound acceleration was considered trending towards 
statistical significance in the RA, RC subset (p-value 0.254, adjusted R2 6%). Rebound 
acceleration was not considered statistically significant in the RA, EP (p-value 0.481 adjusted R2 
7%) and RA, GT (p-value 0.407 adjusted R2 4%) subsets. Though the RA, EP subset is limited to 
6 replications, the RA, GT subset has 24 replications available which leads to a reduced 
confidence in the statistical significance of the influence of rebound acceleration on mass 
transfer outcome. I cannot conclude based on this information that rebound acceleration is a 
significant or insignificant predictor for mass transfer outcomes because the mass transfer 
variance may be overwhelmingly determined by the experiment type which would cloud the 
influence of other potentially significant parameters. It would therefore be beneficial to 
investigate the influence of rebound acceleration independent of these significant parameters (as 
I do by repeating the analysis with the drop tower data alone).  
106 
 
Experiment pressure was considered statistically significant in the MM, EP (p-value 
0.001, adjusted R2 16%) subset. Experiment pressure was considered trending towards statistical 
significance (p-value 0.343, adjusted R2 2%) in the GT, EP subset. Experiment pressure was not 
considered statistically significant in the GS, EP (p-value 0.39, adjusted R2 10%) and RC, EP (p-
value 0.513, adjusted R2 3%) parameter combinations which had limiting replications of 12 and 
11 respectively. I therefore have less confidence in the statistical significance of the influence of 
the experiment pressure on mass transfer outcome. The statistical significance of the experiment 
pressure parameter in the MM, EP subset could potentially be explained as a bias introduced by 
the experiment type (the flight experiments were all carried out under vacuum conditions), and 
so further interpretation of the significance of this parameter in the absence of the influence of 
the experiment type is necessary (as I describe in the subsequent section). 
As an additional note, marble diameter was not considered statistically insignificant in 
any of the combinations, but this is potentially a result of the strong influence of experiment type 
on the mass transfer outcome given that only one type of marble diameter was used in the flight 
experiments.  
The main effects results suggested that higher marble mass (> 30 g), smaller marble 
diameter (< 2-cm), lower rebound acceleration (< 4.99 m/s2), smaller regolith grain size (< 250 
µm), higher experiment pressure (atmosphere), and the flight experiment type are all more likely 
to result in increased mass transfer outcomes regardless of the data subset considered. For the 
regolith grain type and regolith coverage, however, the results were not as clear, with higher 
regolith coverage resulting in more mass transfer for the parameter combinations with EP and 
MM, and lower regolith coverage resulting in more mass transfer with the ET parameter 
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combination. The regolith grain type also produced inconclusive results with more mass transfer 
with rounded grains for the EP, ET, RC, RA, MD, and GS combinations and irregular grains 
producing more mass transfer for the MM and GT combinations. This is most likely a result of 
the relative insignificance of regolith coverage’s influence on mass transfer outcomes for the 
two-level bounds of < and > 23.5% investigated. The differences in main effects for the regolith 
grain type could also potentially be explained by the ‘high’ mass transfer outcomes with quartz 
sand in the flight experiments.  
The two-way ANOVA results also provided information on the two-way interaction 
effects for the 24 investigated two-parameter combinations. The statistically significant 
parameter interactions included interactions between regolith grain size and regolith coverage 
and interactions between marble diameter and marble mass. For the GS, RC combination the 
results indicated that smaller grain sizes (< 250 µm) were more likely to yield higher mass 
transfer for higher regolith coverage (> 25.3%) and larger grain sizes (> 250 µm) were more 
likely to yield higher mass transfer for lower regolith coverage. The regolith coverage 
characterizes the relative penetration depth which depends on the projectile impact velocity and 
cohesive nature of the grains in the flight experiments (and was controlled in the drop tower 
experiments). This relationship could suggest that lower impact energies into more cohesive 
grains (which would result in a lower regolith coverage) result in more significant mass transfer 
for larger grains than for smaller grains. In the context of the drop tower data this relationship is 
more difficult to interpret because we would expect that higher regolith coverage (more initial 
cohesive contacts) would result in higher mass transfer regardless of other parameters. A 
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potential interpretation could be that higher regolith coverage is coincident with higher 
compression of the grains which affect the smaller grains more than the larger grains.   
For the MD, MM combination the results indicated that smaller marble diameters (< 2-
cm) were more likely to yield higher mass transfer for lower marble masses (< 30 g) and larger 
marble diameters (> 2-cm) were more likely to yield higher mass transfer for higher marble 
masses (> 30 g). This could potentially be a bias introduced by the experiment type due to the 
higher frequency of quartz marbles in quartz sand yielding high mass transfer in the flight 
experiments.  
The parameter combinations trending towards statistical significance with potential 
interaction effects include the regolith grain size with experiment pressure, regolith grain size 
with experiment type, regolith grain type with experiment pressure, marble diameter with 
regolith grain type, rebound acceleration with marble mass, rebound acceleration with regolith 
coverage, regolith grain size with regolith grain type, and marble mass with experiment pressure.  
For the GS, EP combination the results indicated that for smaller grain sizes (< 250 µm) a 
vacuum environment was more likely to result in mass transfer and for larger grain sizes (> 250 
µm) atmosphere conditions were more likely to result in mass transfer. Though this result could 
potentially be due to the ‘high’ mass transfer outcomes with quartz sand (smaller regolith grain 
size in the flight experiment under vacuum conditions), it could also suggest a grain size 
dependence on the formation of cohesive capillary bridges that result from humidity.  
For the GS, ET combination the results indicated that for smaller grain sizes (< 250 µm) 
the flight experiment type was more likely to result in mass transfer, and for larger grain sizes (< 
250 µm) the drop tower experiment type was more likely to result in mass transfer. However, 
109 
 
many more drop tower experiments were carried out with the > 250 µm grain sizes and may have 
introduced a bias as a result.  
For the GT, EP combination the results indicated that for rounded grains a vacuum 
environment was more likely to result in mass transfer and for irregular grains atmosphere 
conditions were more likely to result in mass transfer. However, this may be due to the 
significant number of ‘high’ mass transfer outcomes occurring for quartz sand in the flight 
experiments. Alternatively, humidity may increase the cohesion of irregular grains more 
significantly than rounded grains.  
For the MD, GT combination the results indicated that for smaller marble diameters (< 2-
cm) rounded grains were more likely to produce mass transfer and for larger marble diameters (> 
2-cm) irregular grains more likely to produce mass transfer. This again may be due to a bias 
introduced from the high mass transfer observations with quartz sand in the flight experiment 
where only marble diameters < 2-cm were used. Alternatively, it may be easier for the irregular 
grains to interlock over a wider surface area than the more rounded grains, though this 
relationship remains to be more rigorously investigated to draw a definitive conclusion.  
For the RA, MM combination the results indicated that for low rebound acceleration (< 
4.99 m/s2) a smaller marble mass (< 30 g) is more likely to result in mass transfer and for higher 
rebound acceleration (> 4.99 m/s2) a larger marble mass (> 30 g) is more likely to lead to mass 
transfer. However, this could be due to the differences in the measured rebound accelerations for 
the flight and drop tower experiments because the drop tower experiments have significantly 
larger rebound accelerations than the flight experiments and also introduce heavier marbles. 
Alternatively, the larger marble masses would apply additional compression to the grains thereby 
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increasing the relative cohesive strength of the bulk granular material at the point of contact 
through an increase in the coordination number (number of grain-grain contacts). This increase 
in cohesive strength may increase the collisional energy required to break the cohesive bonds 
between the grains.  
For the RA, RC combination the results indicated that for lower rebound accelerations (< 
4.99 m/s2) higher regolith coverage (> 23.5%) was more likely to lead to mass transfer and for 
higher rebound accelerations (> 4.99 m/s2) lower regolith coverage (< 23.5%) was more likely to 
lead to mass transfer. This could potentially be due to the relationship between the cohesive 
strength of the material and impact energy where an impactor penetrates less deeply into more 
cohesive grains therefore resulting in higher rebound accelerations and lower regolith coverage. 
In the context of the drop tower experiments, however, this interpretation would not apply. For 
the drop tower experiments, however, we could draw the conclusion that a higher regolith 
coverage would be more likely to result in a lower rebound acceleration due to the downward 
force applied to the projectile due to the regolith.    
For the GS, GT combination the results indicated that for smaller grain sizes (< 250 µm) 
rounded grains were more likely to lead to mass transfer and for larger grain sizes (> 250 µm) 
irregular grains were more likely to lead to mass transfer. This is most likely a bias from how the 
data was collected: large, rounded grains were only used in the drop tower experiments and we 
have already shown that the experiment type has a strong influence on the mass transfer 
outcome.  
For the MM, EP combination the results indicated that for smaller marble masses (< 30 
g) vacuum conditions were more likely to lead to mass transfer and for larger marble masses (> 
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30 g) atmosphere conditions were more likely to lead to mass transfer. This is most likely a bias 
introduced from the ‘high’ mass transfer results with 10-g quartz marbles in the flight 
experiments. Alternatively, the larger marble masses apply a larger compression at the point of 
contact which may result in stronger cohesive bonds in higher humidity conditions than in airless 
conditions.  
Many of the results for the combined data are potentially obfuscated by an inability to 
directly compare the flight and drop tower results. Therefore, I repeated the analysis on the drop 
tower data alone and I provide the results and corresponding interpretations in the following 
paragraphs.  
Drop Tower Data 
The one-way ANOVA results for the drop tower data indicated that marble mass is a 
statistically significant parameter and may account for ~12% of the mass transfer variance. The 
rebound acceleration is also considered statistically significant and may account for ~3% of the 
observed mass transfer variance. The experiment pressure is near statistical significance as well 
and may account for ~1% of the mass transfer variance. The marble diameter is trending towards 
statistical significance, but the adjusted R2 indicates that this parameter explains a very 
insignificant amount of the mass transfer variance. Regolith grain type, regolith grain size, and 
regolith coverage are all considered statistically insignificant in affecting the amount of mass 
transfer produced.  
The main effects from the one-way ANOVA analysis of the drop tower data set 
suggested that smaller grain sizes (< 250 µm), rounded grains, atmosphere conditions, smaller 
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marble diameters (< 2-cm), larger marble masses (> 30 g), lower regolith coverage (< 24%), and 
lower rebound accelerations (< 5.38 m/s2) are more likely to lead to higher mass transfer with the 
most significant effects for marble mass, rebound acceleration and experiment pressure.  
The two-way ANOVA was carried out on 20 two-parameter combinations and each of 
these parameter combinations had at least 7 replications available with most combinations above 
20 available replications. The results of the two-way ANOVA indicated that marble mass, 
marble diameter, regolith coverage, regolith grain type and interactions between regolith grain 
size with regolith coverage and marble diameter with regolith grain type were statistically 
significant in at least one parameter combination subset. However, some of these parameters and 
parameter combinations were considered only trending towards statistical significance or not 
statistically significant at all in certain subsets. In the following paragraphs I outline these results 
and provide corresponding interpretations of the significance of each parameter. 
Marble mass was considered statistically significant in the GS, MM (p-value 0.048, 
adjusted R2 16%), MM, EP (p-value 0.003, adjusted R2 25%), MM, GT (p-value 0.087, adjusted 
R2 15%), MM, RA (p-value 0.009, adjusted R2 16%), and MM, RC (p-value 0.018, adjusted R2 
16%) subsets. Marble mass was considered trending towards significance (p-value 0.104, 
adjusted R2 15%) in the MD, MM subset. Given that the marble mass was considered statistically 
significant in a majority of the considered subsets and close to the statistical significance cutoff 
in the MD, MM subset I would therefore conclude that the marble mass has a significant 
influence on the resulting mass transfer outcome.  
Regolith coverage was considered statistically significant in the RC, GS subset (p-value 
0.045, adjusted R2 6%) but was not considered statistically significant in the RA, RC (p-value 
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0.461, adjusted R2 3%), RC, GT (p-value 0.462, adjusted R2 1%) and RC, MM (p-value 0.433, 
adjusted R2 16%) subsets. Given that the regolith coverage was not considered statistically 
significant in most of the considered subsets and the low adjusted R2 for the subset in which 
regolith coverage was found to be statistically significant it is unlikely that regolith coverage (for 
the two-level analysis conducted with > and < 24%) is a significant predictor of the mass transfer 
outcome.  
Marble diameter was considered statistically significant in the MD, GT subset (p-value 
0.024, adjusted R2 8%) but was not considered significant in the GS, MD (p-value 0.501, 
adjusted R2 1%), MD, MM (p-value 0.387, adjusted R2 15%), MD, RA (p-value 0.421, adjusted 
R2 10%) and MD, RC (p-value 0.375, adjusted R2 1%) subsets. Given that the marble diameter 
was not considered statistically significant in most of the considered subsets and the low adjusted 
R2 for the subset in which the marble diameter was found to be statistically significant it is 
unlikely that the marble diameter (for the two-level analysis conducted with > and < 2-cm) is a 
significant predictor of the mass transfer outcome.  
Regolith grain type was considered significant in the GT, MD subset (p-value 0.024, 
adjusted R2 8%), but was considered trending towards significance in the GT, GS subset (p-value 
0.312, adjusted R2 5%) and not significant in the GT, EP (p-value 0.428, adjusted R2 2%), GT, 
MM (p-value 0.354, adjusted R2 15%), GT, RA (p-value 0.423, adjusted R2 3%) and RC, GT (p-
value 0.462, adjusted R2 1%) subsets. Given that the regolith grain type was not considered 
statistically significant in most of the considered subsets and the low adjusted R2 for the subset in 
which the marble diameter was found to be statistically significant it is unlikely that the regolith 
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grain type (for the two-level analysis conducted with rounded and irregular grain types) is a 
significant predictor of the mass transfer outcome. 
As an additional note, the only possible two-parameter combination not considered from 
the available 7 parameters was the interaction between the marble diameter and experiment 
pressure. Exploring this interaction effect would require carrying out additional experiments 
under atmosphere conditions with larger marble diameters.  
The main effects results suggest that higher marble mass (> 30 g), smaller marble 
diameter (< 2-cm), lower rebound acceleration (< 4.99 m/s2), smaller regolith grain size (< 250 
µm) are more likely to result in increased mass transfer outcomes regardless of the data subset 
considered. For the regolith coverage, regolith grain type, regolith grain size and experiment 
pressure, however, the results were not as clear. Higher regolith coverage coincided with more 
mass transfer for the parameter combinations with RA and EP, while lower regolith coverage 
coincided with more mass transfer with the GS, MD, GT, and MM parameter combinations. 
Irregular grain type aligned with more mass transfer in the EP and MM parameter combinations, 
but the rounded grain type aligned with more mass transfer in the MD, RA and RC parameter 
combinations. Larger grain sizes led to more significant mass transfer in the EP parameter 
combination and smaller grain sizes lead to more significant mass transfer in the MD, MM, RA, 
and RC parameter combinations. More significant mass transfer was observed under vacuum 
conditions for the MM parameter combination and in atmosphere for the GS, GT, RA, RC 
parameter combinations.  
The two-way ANOVA analysis results also provided information on the two-way 
interaction effects for the 20 investigated two-parameter combinations. The statistically 
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significant parameter interactions included interactions between regolith grain size with regolith 
coverage and marble diameter with regolith grain type.  
The GS, RC combination results indicated that smaller grain sizes (< 250 µm) were more 
likely to yield higher mass transfer for higher regolith coverage (> 25.3%) and larger grain sizes 
(> 250 µm) were more likely to yield higher mass transfer for lower regolith coverage. This 
result agrees with the combined data result, but the same physical interpretation relating the 
observation to the impact energy and cohesive strength of the grains would not apply. A possible 
interpretation for this observation is that higher regolith coverages correspond to a larger number 
of initial cohesive contacts. These results indicate that there may be a particle size dependence of  
the final number of cohesive contacts on the initial cohesive contacts where for smaller grains 
the larger number of initial contacts has more of an influence on the mass transfer outcome than 
for larger grains.  
The MD, GT combination results indicated that smaller marble diameters (< 2-cm) were 
more likely to yield higher mass transfer with rounded grains and larger marble diameters (> 2-
cm) were more likely to yield higher mass transfer with irregular grains. This result agrees with 
our combined data result and the bias of the ‘high’ mass transfer outcome from the flight 
experiment with quartz sand has been omitted. This lends strength then to the argument that the 
irregular grains are more efficient at interlocking over a wider surface area than the rounded 
grains.  
The parameters trending towards statistical significance with a potential interaction effect 
include regolith grain size with experiment pressure, regolith grain size with regolith grain type, 
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marble mass with experiment pressure, rebound acceleration with regolith grain size, and 
regolith coverage with experiment pressure.  
The GS, EP combination results indicated that smaller regolith grain sizes (< 250 µm) are 
more likely to lead to higher mass transfer under vacuum conditions and larger regolith grain 
sizes (> 250 µm) are more likely to lead to higher mass transfer under atmosphere conditions. 
This result agrees with our combined data result and removes the bias of the ‘high’ mass transfer 
outcome with the smaller grain size quartz sand under vacuum conditions in the flight 
experiments. This therefore gives strength to the argument for a potential grain size dependence 
on the formation of cohesive capillary bridges that result from humidity. 
 The GS, GT combination results indicated that for smaller regolith grain sizes (< 250 µm) 
rounded grains are more likely to lead to mass transfer and for larger regolith grain sizes (> 250 
µm) irregular grains are more likely to lead to mass transfer. This result agrees with the 
combined data analysis and could be a result of a bias in the data collection given that many 
more experiments with larger grain sizes were carried out with the irregular grains than with the 
rounded grains. Alternatively, this result could indicate that larger round grains lead to reduced 
MTOs.  
The MM, EP combination results indicated that for smaller marble masses (< 30 g) 
vacuum conditions were more likely to produce higher mass transfer and for larger marble 
masses (> 30 g) atmosphere conditions were more likely to lead to higher mass transfer. This 
result agrees with the combined data analysis but no longer includes the potential bias of the 
‘high’ mass transfer outcome from the 10-g marbles in the flight experiments. A possible 
interpretation of this result is that the larger marble masses apply a larger compression at the 
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point of contact which may result in stronger cohesive bonds in higher humidity conditions than 
in airless conditions. 
The RA, GT combination results indicated that for lower rebound accelerations (< 5.38 
m/s2) irregular grains were more likely to lead to higher mass transfer and for larger rebound 
accelerations (> 5.38 m/s2) rounded grains were more likely to lead to higher mass transfer. This 
indicates a potential grain shape dependence on the rebound acceleration of the projectile where 
irregularly shaped grains are more sensitive to differences in rebound acceleration than rounded 
grains.  
The RC, EP combination results indicated that for lower regolith coverage (< 24%) 
vacuum conditions were more likely to lead to higher mass transfer and for higher regolith 
coverage (> 24%) atmosphere conditions were more likely to lead to higher mass transfer. The 
difference in the means for the two pressure conditions was ~0.01 for low regolith coverage, but 
for high regolith coverage the difference in the means was ~0.4 for the two pressure conditions, 
indicating that experiment pressure plays a much more significant role for a larger number of 
initial cohesive contacts.  
Conclusions  
The one-way ANOVA of the combined data suggested that the experiment type, marble 
surface roughness, rebound acceleration, marble diameter, marble mass and regolith grain size 
were statistically significant parameters in predicting mass transfer outcomes. The experiment 
pressure, regolith coverage, and regolith grain type parameters were not considered significant 
predictors of mass transfer outcomes. The main effects results for the one-way ANOVA analysis 
118 
 
of the combined data set suggested that smaller grain sizes (< 250 µm), rounded grains, vacuum 
conditions, the flight experiment type, smaller projectile diameters (< 2-cm), larger projectile 
masses (> 30 g), rougher projectile surfaces, higher regolith coverage (> 25.3%), and lower 
rebound accelerations (< 4.99 m/s2) are more likely to lead to higher mass transfer. The most 
significant difference in means was for experiment type and marble roughness suggesting mass 
transfer outcome differences are most distinct for flight vs. drop tower experiment types and 
rough vs. smooth projectile surfaces.  
Given that the one-way ANOVA indicated that multiple parameters were potentially 
significant predictors of mass transfer outcome I extended the analysis to two-way ANOVA to 
investigate the influence of two parameters at a time along with their interaction effects within 
data subsets balanced for equal representation of the parameters of interest. The two-way 
ANOVA indicated that experiment type, experiment pressure, regolith grain size, rebound 
acceleration, and marble diameter were statistically significant parameters influencing the mass 
transfer outcome as well as the interaction parameters of grain size with regolith coverage and 
marble diameter with marble mass in at least one parameter combination subset. However, I can 
only say with statistically significant confidence that experiment type has a significant influence 
on the observed mass transfer outcome, and further investigation is needed to confidently assign 
significance to the remaining parameters based on the two-level analysis.  
The main effects results from the two-way ANOVA suggested that higher marble mass 
(> 30 g), smaller marble diameter (< 2-cm), lower rebound acceleration (< 4.99 m/s2), smaller 
regolith grain size (< 250 µm), higher experiment pressure (atmosphere), and the flight 
experiment type are all more likely to result in increased mass transfer outcomes regardless of 
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the data subset considered. For the regolith grain type and regolith coverage, however, the results 
were not as clear, with higher regolith coverage resulting in more mass transfer for the parameter 
combinations with EP and MM, and lower regolith coverage resulting in more mass transfer with 
the ET parameter combination. The regolith grain type also produced inconclusive results with 
more mass transfer with rounded grains for the EP, ET, RC, RA, MD, and GS combinations and 
irregular grains producing more mass transfer for the MM and GT combinations. This is most 
likely a result of the relative insignificance of regolith coverage’s influence on mass transfer 
outcomes for the two-level bounds of < and > 23.5% investigated. The differences in main 
effects for the regolith grain type could also potentially be explained by the ‘high’ mass transfer 
outcomes with quartz sand in the flight experiments.  
The two-way ANOVA results also provided information on the two-way interaction 
effects for the 24 investigated two-parameter combinations. The statistically significant 
parameter interactions included interactions between regolith grain size and regolith coverage 
and interactions between marble diameter and marble mass.  
The one-way ANOVA results for the drop tower data indicated that marble mass and 
marble rebound acceleration are statistically significant parameters. The experiment pressure, 
marble diameter, regolith grain type, regolith grain size, and regolith coverage were not found to 
be significant in affecting the amount of mass transfer produced.  
The main effects from the one-way ANOVA of the drop tower data set suggested that 
smaller grain sizes (< 250 µm), rounded grains, atmosphere conditions, smaller marble diameters 
(< 2-cm), larger marble masses (> 30 g), lower regolith coverage (> 24%), and lower rebound 
120 
 
accelerations (< 5.38 m/s2) are more likely to lead to higher mass transfer with the most 
significant effects for marble mass, rebound acceleration and experiment pressure.  
The results of the two-way ANOVA indicated that marble mass, marble diameter, 
regolith coverage, regolith grain type and interactions between regolith grain size with regolith 
coverage and marble diameter with regolith grain type were statistically significant in at least one 
parameter combination subset. However, some of these parameters and parameter combinations 
were considered only trending towards statistical significance or not statistically significant at all 
in certain subsets. However, I can only say with confidence that the marble mass has a 
significant influence on the observed mass transfer outcome, and further investigation is needed 
to confidently assign significance to the remaining parameters based on the two-level analysis.  
The two-way ANOVA analysis of the drop tower data also provided information on the 
two-way interaction effects for the 20 investigated two-parameter combinations. The statistically 
significant parameter interactions included interactions between regolith grain size with regolith 
coverage and marble diameter with regolith grain type. The regolith grain size with regolith 
coverage interaction results indicated that smaller grain sizes (< 250 µm) were more likely to 
yield higher mass transfer for higher regolith coverage (> 25.3%) and larger grain sizes (> 250 
µm) were more likely to yield higher mass transfer for lower regolith coverage. A possible 
interpretation for this observation is that higher regolith coverages correspond to a corresponding 
larger number of initial cohesive contacts. Because of a possible particle size influence on the 
relative effect of the initial number of cohesive contacts on the final number of cohesive 
contacts, for smaller grains the larger number of initial contacts has more of an influence on the 
mass transfer outcome than for larger grains.  
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The marble diameter with regolith grain type combination results indicated that smaller 
marble diameters (< 2-cm) were more likely to yield higher mass transfer with rounded grains 
and larger marble diameters (> 2-cm) were more likely to yield higher mass transfer with 
irregular grains. This potentially indicates that irregular grains are more efficient at interlocking 
over a wider surface area than the rounded grains, but further investigation is needed to verify 
this hypothesis.  
Several of the hypotheses concerning the physical interpretations of the significance of 
various parameters and their interaction effects presented in the discussion section would benefit 













CHAPTER 3 NUMERICAL SIMULATIONS OF GRANULAR SYSTEMS 
IN MICROGRAVITY   
 In Chapter 2 I presented the results of low-velocity granular impact and rebound 
experiments under microgravity conditions. The interpretation of this data would benefit from 
further investigation through numerical techniques. In this chapter I describe numerical 
simulations carried out to further investigate the mass transfer phenomena described in Chapter 
2.  
Numerical Modeling of Granular Systems 
 Granular systems consist of a collection of particles that undergo multi-particle contact 
interactions that determine the bulk behavior of the system.  These particles can be treated 
numerically through the Discrete Element Method (DEM) technique. The particle interactions 
are handled as inter-particle forces that, in addition to any external forces applied in the model, 
determine how the position of each particle is integrated forward in time. Newton’s second law 
of motion determines the behavior of each particle where the net force experienced by a particle 
is described by,  
 
𝑚𝑖?̈? =  𝑭𝑖,   𝑖 = 1, … , 𝑁 ( 46 ) 
 
 
where 𝑁 represents the number of particles in the system, 𝑚𝑖 is the mass of particle 𝑖, ?̈? is the 
acceleration of particle 𝑖, and 𝑭𝑖 is the force applied to particle 𝑖.  𝑭𝑖 corresponds to both the 
123 
 
particle interactions as well as any external forces experienced by the particles. The force 𝑭𝑖 can 
therefore be written as  
𝑭𝑖  =  ∑ 𝑭𝑖𝑗 +  𝑭𝑒𝑥𝑡,𝑖𝑗= 𝑖  ( 47 ) 
 
where 𝑭𝑖𝑗 is the contact force exerted by particle 𝑗 on particle 𝑖 and 𝑭𝑒𝑥𝑡,𝑖 represents the external 
forces exerted on particle 𝑖. The contact force is further decomposed into normal and tangential 
components,  
𝑭𝑖𝑗 =  𝐹𝑛𝒏 + 𝐹𝑡𝒕 
where 𝐹𝑛 and 𝐹𝑡 represent the normal (𝒏) and tangential (𝒕) components corresponding to the 
tensile and shearing directions of contact.  
 The interaction force depends on the overlap of the two interacting particles where the 
normal overlap between two contacting particles is defined as,  
𝛿𝑛 = |𝒙𝑖 −  𝒙𝑗| −  𝑟𝑖 − 𝑟𝑗   ( 48 ) 
 
where 𝒙𝑖 and 𝒙𝑗 represent the particle centers and 𝑟𝑖 and 𝑟𝑗 correspond to the particle radii. When 
the separation between the two particles 𝛿𝑛 > 0, no interaction force is computed. When the 





Figure 53. Contact between two particles (Radjai & Dubois, 2011). a) Normal and tangential unit 
vectors. b) Particle overlap 𝛿𝑛 used to compute the normal force between particles 𝑖 and 𝑗. 
 
 The contact force between granular particles is typically expressed as a linear spring with 
a damping force that acts to slow the particles down during contact resulting in bulk system 
energy dissipation through particle interactions. In the following section I provide details on the 
DEM simulation software and the corresponding particle force models implemented in my 
numerical investigation.   
LIGGGHTS 
 LIGGGHTS (Kloss, Goniva, Hager, Amberger, & Pirker, 2012) is an open source soft-
sphere DEM particle simulation software that stands for LAMMPS (Large-scale 
Atomic/Molecular Massively Parallel Simulator) Improved for General Granular and Granular 
Heat Transfer Simulations. LIGGGHTS improves upon LAMMPS through the inclusion of 
contact, cohesion, and rolling friction forces as well as heat conduction through particle contacts 
and the option for complex wall geometries. The physical models implemented in my numerical 
investigation include a Hertzian contact model, a simplified Johnson Kendall Roberts (Johnson, 
Kendall, & Roberts, 1971) (JKR) cohesive force model, and a rolling friction model.  
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Hertzian Contact Model  
The Hertzian contact model implemented in LIGGGHTS (Kloss, Goniva, Hager, 
Amberger, & Pirker, 2012) calculates the frictional force between two granular particles when 
the distance r between two particles of radii ri and rj is less than their contact distance d = ri + rj. 
The force is not calculated if r > d. The force is given by,  
 
𝐹 = (𝑘𝑛 𝛿𝑛𝑖𝑗 − 𝛾𝑛 𝑣𝑛𝑖𝑗) + (𝑘𝑡𝛿𝑡𝑖𝑗 −  𝛾𝑡 𝑣𝑡𝑖𝑗), ( 49 ) 
 
where the first term in parentheses represents the normal force between two particles and the 
second term represents the tangential force. The normal force contains a spring force and a 
damping force term. The tangential force contains a shear force and a damping force term. The 
shear force is considered a history effect accounting for the tangential overlap between particles 
while they are in contact. The terms in the Hertzian contact force equation are listed below.  
             𝛿𝑛 =  overlap distance of particles i and j 
𝑟 =  particle radius 
𝑑 =  separation between particle centers 
𝑘𝑛 =  elastic constant for normal contact 
𝑘𝑡 =  elastic constant for tangential contact 
𝛾𝑛 =   viscoelastic damping constant for normal contact 
𝛾𝑡 =  viscoelastic damping constant for tangential contact 
𝛿𝑡 =  tangential displacement vector between 2 spherical particles  
𝑣𝑛 =   normal component of the relative velocity of 2 particles 
𝑣𝑡 =   tangential component of the relative velocity of 2 particles 
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𝜔𝑟 =   relative rotational velocity of 2 particles 
𝑅∗ = reduced radius 
𝑚∗ = reduced mass 
The mathematical definitions for these terms are given as,  
 
𝛿𝑛 = 𝑑 − 𝑟 ( 50 ) 
𝑘𝑛 =  
4
3
𝑌∗√𝑅∗𝛿𝑛 ( 51 ) 
𝛾𝑛 =  −2√
5
6
𝛽√𝑆𝑛𝑚∗  ≥ 0 ( 52 ) 
𝑘𝑡 =  8𝐺
∗√𝑅∗𝛿𝑛 ( 53 ) 
𝛾𝑡 =  −2√
5
6
𝛽√𝑆𝑡𝑚∗  ≥ 0 ( 54 ) 
𝑆𝑛 = 2𝑌
∗√𝑅∗𝛿𝑛, 𝑆𝑡 = 8𝐺
∗√𝑅∗𝛿𝑛 











































   ( 58 ) 
 
 
where 𝑌 is the Young’s modulus, 𝐺 is the Shear modulus, 𝜈 is the Poisson ratio, and 𝑒 is the 
coefficient of restitution.  
JKR Cohesion 
 A typical model for cohesive force interactions between particles in DEM simulations is 
the Johnson Kendall Roberts (JKR) adhesive elastic contact model (Johnson, Kendall, & 
Roberts, 1971). The cohesive force in the JKR model is described as, 




where R is the reduced radius, 
𝑟1𝑟2
𝑟1+𝑟2
 of the two contacting particles and 𝛾 is the surface energy 
given in J/m2. The surface energy is defined as the energy required to cleave a bulk sample into 
two surfaces. The standard cohesive force model implemented in LIGGGHTS, however, defines 
the cohesive force as  
𝐹cohesion = 𝑘𝐴,  ( 60 ) 
 
where 𝑘 is the cohesive energy density of the material and A is the overlap area of the contacting 
particles. The cohesive energy density is given in J/m3 and is defined as the heat of vaporization 
divided by the molar volume of the condensed form of the material. In other words, the cohesive 
energy density is the energy required to remove a unit volume of a substance from its neighbors 
to infinity. Though 𝑘 is defined in this physical way, in practice it is typically considered a 
tunable parameter adjusted based on experimental data or to achieve a desired range of cohesive 
forces for anticipated particle overlap areas. The overlap area in m2 is calculated as the overlap 





(dist − 𝑟𝑖 − 𝑟𝑗 )(dist + 𝑟𝑖 − 𝑟𝑗 )(dist − 𝑟𝑖 + 𝑟𝑗 )(dist + 𝑟𝑖 + 𝑟𝑗 ) 
(dist2)
,  ( 61 ) 
 
where dist is the distance between the centers of the two particles, 𝑟𝑖 is the radius of particle i and 
𝑟𝑗 is the radius of particle j. The cohesive force implemented in LIGGGHTS therefore adds an 
extra dependence on the distance between particle centers that is not accounted for in the 
cohesive force definition in JKR theory. The cohesive force dependence on overlap area leads to 
a relationship between the cohesive force and the elasticity of the contacting material determined 
by the Young’s modulus. To demonstrate this effect I carried out simulated collision tests for 
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particles with different cohesive energy densities and Young’s modulus values and present these 
results in the Simulations section.  
Rolling Friction 
I also implement a rolling friction model in the simulations. The rolling friction model in 
LIGGGHTS adds in a rolling torque, τ𝑟𝑓, defined as  




where  𝜔𝑟,shear is the projection of 𝜔𝑟 into the shear plane where 𝜔𝑟 =  𝜔1 −  𝜔2, µ is the 
coefficient of rolling friction, and the remaining terms are defined above.  
Simulations 
 In this section I describe simulations carried out in LIGGGHTS that were designed to 
provide further context for the mass transfer events observed during the flight and drop tower 
experiments.  
Simulation Objectives  
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Table 32. Numerical simulation goals, objectives, variables, measurables, and associated physical parameters. 
Science Goal Science Objective  Controlled 
variables  





dissipation due to 
interactions with a 






velocity on projectile 
impact velocity  
Cohesive energy 
density 
Penetration depth Work done on 
projectile by granular 





Projectile final velocity Coefficient of 
restitution 
Projectile mass Projectile initial rebound 
velocity  
Characterize the 
dependence of mass 








Projectile initial rebound 
velocity 
Projectile mass Quantity of cohesively 
interacting grains 





a projectile impact 
event and a projectile 
initialized with a 
specified rebound 




velocity and observed 









Projectile final velocity  
Initial quantity of 
cohesively interacting 
grains adhered to 
projectile surface 
Projectile mass Final quantity of 
cohesively interacting 






The scientific goals and objectives of my numerical simulations are provided in Table 32. 
The two main goals of the simulations are (1) to establish a relationship between projectile 
energy dissipation and observed mass transfer and (2) to establish a relationship between a 
projectile impact event and a projectile initialized with a specified rebound velocity from rest.  
The first goal pertains to simulations initialized with conditions similar to the COLLIDE and 
PRIME granular impact experiments described in Chapter 2 where a ~2-cm diameter projectile 
impacts a bed of granular material under microgravity conditions. To achieve this goal I plan to 
characterize how the work done on the projectile by the granular bed, the penetration depth, 
number of initial cohesive interactions encountered by the projectile, and the initial rebound and 
final velocities of the projectile all relate to the observed mass transferred from the granular bed 
onto the projectile. This investigation will aid in future benchmarking cases to match various 
threshold velocities to the observed experimental outcomes with the goal of developing a scaling 
law for the relationship between energy dissipation of a projectile due to a granular bed and the 
associated mass transfer outcomes.  
The second goal pertains to two simulation classes: a 2-cm diameter projectile impacting a 
granular bed under zero gravity conditions, and a 2-cm diameter projectile that falls into a 
granular bed under 1-g conditions and is then artificially initialized with a specified rebound 
velocity under zero gravity conditions. The goal is to characterize the observed differences in 
mass transfer for a simulated impact event where the rebound velocity is a function of the 
granular bed properties in contrast to a simulated rebound event with a controlled rebound 
velocity. This investigation will aid in the interpretation of the drop tower and flight data 
described in Chapter 2 as well as the design of future experiments.  
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Simulation Material Properties  
The material properties selected for the simulations are given in Table 33. The material 
properties were selected to reflect the properties of quartz silicate material from the following 
sources, (Kostas, Coop, & Todisco, 2013) (Imre, Rabsamen, & Springman, 2008) (Greaves, 
Greer, Lakes, & Rouxel, 2011). 
 
Table 33. LIGGGHTS simulation material properties. 
Material Property Value 
Young’s Modulus (Pa) 107 
Poisson Ratio  0.2 
Coefficient of Restitution 0.8 
Coefficient of Friction 0.5 
Coefficient of Rolling Friction 0.05  
Grain Density (kg/m3) 2650 
Cohesion Energy Density (kJ/m3) 300 
200 
100 
Marble Density (kg/m3) 2650 
7750 
 
For computational efficiency I lowered the value of the Young’s modulus from ~70 GPa to 100 
MPa. The timestep required for a numerical simulation depends on the Rayleigh time (Otsubo, 









 ( 62 ) 
 
where R is the minimum particle radius, 𝜌 is the particle density, G is the Young’s modulus, and 
𝜈 is the particle poisson ratio. Upper limits for time steps in DEM simulations are typically taken 
as 20% of the Rayleigh time. The Young’s modulus value for quartz is on the order of 109 Pa, 
which would require a timestep of ~10-8 s. (Hlosta, et al., 2020) demonstrate that a Young’s 
modulus of 107 Pa yields sufficiently realistic results with regards to particle packing while 
drastically increasing the usable timestep for numerical simulations. 20% of the Rayleigh time 
for the selected parameters corresponds to ~6x10-6 s and so I selected a timestep of 1x10-6 s to 
ensure each particle interaction would be fully captured by the simulation.  
Collision Outcome Tests  
 
The cohesive force applied to particles in LIGGGHTS is a function of the cohesive 
energy density as well as the overlap area of the particles. This means the cohesive force will 
depend on the grain size as well as the Young’s modulus of the particles. A smaller Young’s 
modulus corresponds to a ‘softer’, more elastic particle allowing for a larger overlap distance 
between the particles during collision events. Therefore, the larger the grain and the smaller the 
Young’s modulus the larger the cohesive force between the particles. To provide an estimated 
basis for the anticipated cohesive force interactions between particles in the simulations I 
performed two particle collision tests between two 500 µm radius particles and a 500 µm and 1-
cm radius particle. To demonstrate the relationship between the cohesive force and the particle 
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grain size I also performed collision tests between two 250 µm radius particles. I applied the 
same cohesion energy densities, a select range of relative impact velocities encountered in the 
simulations, the Young’s modulus used in the simulations, and a Young’s modulus with half the 
simulation Young’s modulus value to demonstrate the effect of the Young’s modulus value on 
collision outcomes using this cohesion model.  
Table 34 provides the collision outcomes for two 500 µm radius particles with cohesive 
energy densities (100, 200, 300 kJ/m3) and select relative impact velocities (10, 50, 100 cm/s) 
used in the simulations as well as the Young’s modulus used in the simulations (107 Pa) and the 























5 15.0 4.50 Sticking 
10 6.94 2.08 Bouncing 
50 
5 14.98 4.50 Sticking 
10 5.66 1.70 Bouncing 
10 
5 14.39 4.32 Sticking 




5 11.13 2.26 Bouncing 
10 6.63 1.33 Bouncing 
50 
5 8.58 1.72 Sticking 
10 4.30 0.86 Bouncing 
10 
5 6.90 1.38 Sticking 




5 8.35 1.67 Bouncing 
10 5.77 1.15 Bouncing 
50 
5 5.32 1.06 Bouncing 
10 3.49 0.70 Bouncing 
10 
5 2.32 0.46 Bouncing 
10 1.18 0.24 Bouncing 
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Figure 54 represents the parameter space of the simulations with the collision outcomes 
between two 500 µm radius particles represented as orange for bouncing and blue for sticking. 
As expected, the particles are more likely to stick for high cohesion energy density, low Young’s 
modulus and low relative impact velocity values. For the Young’s modulus used in the 
simulation, sticking only occurred for cohesive energy densities > 100 kJ/m3 with relative impact 
velocities below 50 cm/s.  
 
Figure 54. Collision outcomes for two 500 µm radius particles. 
 
Table 35 provides the collision outcomes for a 1-cm radius and 500 µm radius particle with the 























5 42.7 8.54 Sticking 
10 19.6 3.92 Bouncing 
50 
5 41.0 8.20 Sticking 
10 15.6 3.12 Sticking 
10 
5 40.4 8.09 Sticking 




5 28.18 5.64 Bouncing 
10 15.6 3.11 Bouncing 
50 
5 23.9 4.78 Sticking 
10 10.7 2.14 Bouncing 
10 
5 21.9 4.38 Sticking 




5 19.1 1.91 Bouncing 
10 12.9 1.29 Bouncing 
50 
5 12.8 1.28 Bouncing 
10 7.99 0.799 Bouncing 
10 
5 6.93 0.693 Sticking 
10 2.96 0.296 Bouncing 
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Figure 55 represents the parameter space of the simulations with the collision outcomes 
between a 500 µm radius and 1-cm radius particle represented as orange for bouncing and blue 
for sticking. As expected, the particles are more likely to stick for high cohesion energy density, 
low Young’s modulus and low relative impact velocity values. For the Young’s modulus used in 
the simulation, the results are similar to the two 500 µm radius collision outcomes except that a 
cohesion energy density of 300 kJ/m3 would allow for sticking with a relative impact velocity of 
50 cm/s whereas this relative impact velocity led to bouncing between the smaller particles.  
 
 























5 2.89 8.66 Sticking 
10 0.0786 0.24 Bouncing 
50 
5 3.75 11.2 Sticking 
10 1.41 4.24 Bouncing  
10 
5 3.60 10.8 Sticking 




5 2.81 5.62 Bouncing 
10 1.64 3.28 Bouncing 
50 
5 2.14 4.28 Sticking 
10 1.07 2.15 Bouncing 
10 
5 1.72 3.45 Sticking 




5 2.08 2.08 Bouncing 
10 1.44 1.44 Bouncing 
50 
5 1.33 1.33 Bouncing 
10 0.854 0.854 Bouncing 
10 
5 0.581 0.581 Bouncing 
10 0.293 0.293 Bouncing 
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Table 36 provides the collision outcomes for two 250 µm radius particles.   
Figure 56 represents the parameter space of the simulations with the collision outcomes 
between two 250-µm radius particles represented as orange for bouncing and blue for sticking. 
Despite the overall lower cohesive forces experienced by the smaller particles, the collision 
outcomes for the 500-µm radius and 250-µm radius particles were equivalent.   
 
 
Figure 56. Collision outcomes for two 250-µm radius particles. 
 
The cohesive forces experienced by the particles in the two-particle collision tests for the 
parameters used in the simulations are on the order of 10-3 N. Measured surface energy values for 
silicate particles covers a wide range depending on the environmental conditions ranging from 
~0.03 J/m2 to 2 J/m2 (Kimura, Wada, S, & K, 2015). The best estimates for the range of surface 
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energies of silicate material near vacuum is 0.15 – 0.25 J/m2 (Kimura, Wada, S, & K, 2015). 
Applying JKR theory, the range of resulting cohesive force magnitudes for the particle sizes used 
in the simulations (500 µm and 1-cm in radius) would therefore correspond to ~4 x 10-4 – 1 x 10-
3 N. The range of cohesive forces experienced by particles in the simulations based on the two-
particle collision tests is 3 x 10-4 - 4 x 10-3 N covering the full range of anticipated cohesive 
forces based on experimental studies.  
Granular Impact Simulations 
 The objective of the granular impact experiments was to investigate the parameters that 
influence the accretion outcome during a low-velocity impact of a cm-size projectile into a bed 
of granular material under low-gravity conditions. For my granular impact simulations, I opted 
for projectile diameter, densities, and impact velocities comparable to the flight impact 
experiments described in Chapter 2. I selected simulation box dimensions of 6-cm x 6-cm x 10-
cm to limit particle boundary interactions at the point of impact while maintaining a 
computationally reasonable number of particles for the preliminary simulations. I selected 
monodisperse 1-mm diameter quartz grains for the target granular material as a particle size 
relevant to the anticipated particle size distribution of regolith covering small bodies and to allow 
for computational efficiency for the preliminary investigation. This grain size is twice the 
maximum regolith grain size used in the experiments described in Chapter 2 and this difference 
in grain size must be taken into account when interpreting the simulation results for the design of 
future experiments.  
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 The simulation is initialized by pouring in 1-mm grains under 1-g conditions until the 
particles settle to the bottom of the container. I used a volume filling factor of ~0.5, comparable 
to the volume filling factor of the COLLIDE and PRIME experiment target material. Once the 
particles have settled, a 2-cm diameter projectile is initialized above the granular bed and gravity 
is removed from the simulation. The projectile is then given an initial velocity with which to 
impact the granular bed.  
Granular Bed Depth and Projectile Rebound Relationship  
My first goal was to determine the depth of 1-mm silicate spherical grains that would 
allow for rebound of the projectile with impact speeds on the order of ~1 m/s or less. The first 
tests included filling the simulation container with 1-mm diameter spherical silicate grains to a 
depth of 3-cm. Figure 57 shows the impact of a 10-g projectile into a 3-cm bed of 300 kJ/m3 
cohesively interacting grains at an impact velocity of 2 m/s. The energy due to the projectile’s 
impact appears to propagate to the boundary edges but there is insufficient energy to result in 
rebound of the projectile from the grains. Given that 2 m/s is twice the desired upper impact 







Figure 57. Impact of 10-g projectile into 3-cm depth of 1-mm diameter quartz beads. Simulation 
parameters include a 300 kJ/m3 cohesion energy density, 0.64 volume filling factor, and impact 
velocity of 2 m/s. The projectile produces minimal ejecta and does not travel as deeply into the 
grains. The color bar labeled v Magnitude represents the relative velocity for each particle in the 
simulation.  
 
 For my next test I filled the simulated container with 1-mm particles to a depth of 2-cm. 
The 10-g projectile impact again resulted in no rebound for an impact speed of 2 m/s. Figure 58 
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shows the outcome of a 2 m/s impact of a 10-g projectile into 300 kJ/m3 and 200 kJ/m3 particles. 
Both impacts resulted in the projectile remaining embedded in the target material, with more 
ejecta produced from the less cohesive granular bed.  
 
Figure 58. Impact at 2 m/s of 10-g projectile into 2-cm depth bed of 1-mm diameter quartz beads 
with 0.64 volume filling factor. (Left) k = 300 kJ/m3, minimal ejecta production and no marble 
rebound. (Right) k = 200 kJ/m3, produced more significant ejecta, the marble embedded further 
into the material and does not rebound.    
 
Given that the projectile did not rebound from the bed of granular material in the 2-cm test cases 
I chose to carry out tests with particles filled to a depth of 1-cm, the largest grain depth that 
would still lead to projectile rebound within the impact energies of interest. The results of my 1-
cm depth tests are provided in the following section.  
Granular Impact Simulation Results  
My 1-cm depth tests resulted in projectile rebound for a 31-g projectile with impact 
velocities >= 70 cm/s for k = 300 kJ/m3, >= 50 cm/s for k = 200 kJ/m3, and >= 30 cm/s for k = 
100 kJ/m3. For a 10-g projectile rebound occurred for impact velocities >= 1 m/s for k = 200 
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kJ/m3, >= 50 cm/s for k = 100 kJ/m3, and no rebound was observed for impact velocities up to 1 
m/s for k = 300 kJ/m3. To further investigate the role of the cohesive strength of the granular bed 
on the resulting rebound properties of the projectile I quantified the penetration depth of the 
projectile, the initial number of cohesive interactions between the grains and the projectile at the 
maximum depth of penetration, the deceleration of the projectile due to the grains, the initial 
rebound velocity of the projectile as it reverses direction, the final rebound velocity of the 
projectile as it exits the grains, and the final number of cohesively interacting particles attached 
to the surface of the projectile once free from the bed.  
Figure 59 provides an example of the peak and final rebound velocities for a simulated 
impact of a 31-g projectile into a granular bed with k = 200 kJ/m3 at an impact speed of 50 cm/s. 
The red line indicates the initial rebound velocity of the projectile just after the projectile 
reverses direction, and the blue line indicates the final rebound velocity of the projectile 
corresponding to the velocity of the projectile once it has cleared any interactions with the 
granular bed. The final velocity parameter corresponds to the rebound velocity measured in our 
experiments described in Chapter 2. The results of my 1-cm depth simulations with a 31-g 






Figure 59. Velocity over time from rebound until exiting the granular bed for a 50 cm/s impact of 


































30 4.18 0.08 115 n/a 0.48 15.93 2.39 
40  5.02 0.3 149 n/a 0.57 24.13 4.26 
50 6.60 0.01 163 n/a 0.70 31.65 6.89 
60 6.2 0.01 189 n/a 0.68 45.08 9.36 
70 11.11 7.49 209 202 0.71 57.62 12.66 
80 11.92 9.31 230 226 0.76 72.64 17.11 
90 15.69 14.04 201 200 0.82 96.21 24.5 
100 22.94 21.44 233 222 0.92 123.87 35.4 
200  
30 2.52 0 173 n/a 0.59 10.94 2.00 
40 4.21 0.14 204 n/a 0.77 15.26 3.65 
50 9.18 8.17 227 222 0.80 21.36 5.27 
60 14.01 13.69 191 188 0.85 34.48 9.07 
70 12.33 11.94 194 185 0.83 51.34 13.26 
80 25.69 25.61 165 158 0.81 89.32 22.41 
90 28.26 28.23 135 135 0.89 100.25 27.69 
100 34.16 34.14 140 120 0.81 108.24 27.19 
100 
30 3.61 3.51 144 144 0.88 5.65 1.54 
40 7.44 7.44 64 56 0.85 12.31 3.25 
50 8.01 8.01 42 35 0.87 21.3 5.75 
60 18.87 18.87 50 22 0.91 27.08 7.65 
70 24.52 24.51 22 11 0.87 45.94 12.35 
80 33.46 33.46 27 10 0.88 53.85 14.73 






































50 5.05 0.0 112 n/a 0.48 43.68 2.11 
70 5.52 0.22 162 n/a 0.47 63.94 3.02 
100 4.93 0.01 179 n/a 0.72 92.09 6.65 
200  
80  2.84 0.23 207 n/a 0.70 36.13 2.54 
100  15.4 14.8 191 189 0.69 43.36 3.01 
100 
50 3.98 3.76 123 113 0.78 12.91 1.00 
70 6.43 6.42 55 53 0.84 17.85 1.50 
100 12.11 12.10 16 12 0.72 63.07 4.53 
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Figure 60 shows the impact, initial rebound, and rebound with mass transfer of a 31-g 
projectile with an in initial velocity of 70 cm/s and a final velocity of ~12 cm/s. The projectile 
rebounds with 185 cohesively interacting grains adhered to its surface.  
 
 
Figure 60. Rebound of a 31-g projectile with mass transfer after a 70 cm/s impact into a granular 
bed of 1-mm silicate particles k = 200 kJ/m3. (Left) Impact. (Middle) Rebound. (Right) Rebound 
with mass transfer.  
 
Figure 61 provides an example of a 31-g projectile rebounding with mass transfer after an 
impact at 70 cm/s. The projectile had a final velocity of ~7.5 cm/s and pulled up 202 silicate 






Figure 61. Rebound of a 31-g projectile with mass transfer after a 70 cm/s impact into a granular 
bed of 1-mm silicate particles with k = 300 kJ/m3. 
 
The simulation results suggest projectile mass and cohesive strength dependent threshold 
velocities for the projectile to rebound from the granular bed. These values are listed in Table 39.  
Table 39. Threshold velocities for projectile to rebound from granular bed.  
Projectile Mass (g) Cohesive Energy Density (kJ/m3) vthreshold,embed (cm/s) 
10 300 > 100  
200 80 
100 n/a 




The relationships between the quantities provided in Table 37 and Table 38 are shown in 
Figure 62 through Figure 68. I am limited by the number of available data points for the 10-g 
projectile simulations and so I do not fit polynomials to these data, but I do include the 10-g 
projectile simulation results in the plots for context and discussion.   
Figure 62 represents the relationship between initial rebound velocity and impact velocity 
for the cohesive energy density and impact velocity values explored in the simulations. The 31-g 
simulations suggest that there is a linear relationship between the initial rebound velocity and 
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impact velocity of the projectile as well as a dependence on the cohesive energy density of the 
material where higher cohesive energy density values lead to lower initial rebound velocities. A 
linear fit appears to fit the data well with R2 values > 0.9. The data suggest a dependence on 
cohesive energy density where larger cohesive energy densities result in a shallower slope 
representing an overall decrease in a projectile’s initial rebound velocity after impact as a 
function of the cohesive strength of the granular bed. The rebound velocities of the 10-g 
projectiles are all lower than the rebound velocities of the 31-g projectiles for the same impact 
velocities. There is insufficient data to draw conclusions about a linear relationship for the 10-g 
projectile rebound velocities, but there appears to be cross-over between the rebound velocities 










Figure 63 represents the relationship between the final velocity and impact velocity of the 
projectile. The 31-g simulations suggest that there is a linear relationship between the final 
velocity and impact velocity of the projectile as well as a dependence on the cohesive energy 
density of the material where higher cohesive energy density values lead to lower final velocities 
beyond a threshold impact velocity required for the projectile to escape the granular bed. For the 
simulations with cohesive energy density values of 100 and 200 kJ/m3 a linear fit appears to 
describe the relationship well with R2 values > 0.9. For the simulations using a cohesive energy 
density value 300 kJ/m3 the data are not fit to a linear function as well, most likely due to the 
threshold velocity required to escape the more cohesively bonded grains. However, a similar 
relationship to the initial rebound velocity linear fits appears with shallower slopes for granular 
beds with higher cohesive energy density values. The final rebound velocities for the 10-g 
projectiles are all 0 cm/s because the projectile remains embedded in the grains. The slope of the 
final rebound velocity for the k = 100 kJ/m3 grains appears lower than the slope for the k = 200 
kJ/m3 grains for the 10-g projectile simulations, but there is insufficient data to draw conclusions 













Figure 64 represents the relationship between the coefficient of restitution and impact 
velocity of the projectile. The 31-g simulations suggest that there is a linear relationship between 
the coefficient of restitution and impact velocity of the projectile as well as a dependence on the 
cohesive energy density of the material where higher cohesive energy density values lead to 
lower coefficients of restitution beyond a threshold impact velocity required for the projectile to 
escape the granular bed. For the simulations using a cohesive energy density value of 300 kJ/m3 
the data are not fit to a linear function as well as for the lower cohesive energy density values, 
most likely due to the threshold velocity required to escape the more cohesively bonded grains. 
However, a similar relationship to the initial rebound velocity linear fits appears with shallower 
slopes for granular beds with higher cohesive energy density values. No 10-g projectiles escape 
the k = 300 kJ/m3 granular bed and so the coefficient of restitution for these simulations is 0, and 
the slope for the k = 100 kJ/m3 granular bed appears shallower than for the k = 200 kJ/m3 
















Figure 65 represents the relationship between the final cohesive contacts and impact 
velocity of the projectile. The 31-g simulations suggest a threshold velocity for the projectile to 
rebound from the granular bed. For impact velocities above this threshold there appears to be a 
negative correlation between high impact velocities and the number of final cohesive contacts for 
cohesive strengths of 100 and 200 kJ/m3, but additional simulations are needed to support this 
relationship for a cohesive strength of 300 kJ/m3. 
Figure 66 represents the relationship between the final cohesive contacts of grains on the 
projectile and the final velocity of the projectile. The 31-g projectile simulations suggest a 
threshold velocity for the projectile to rebound from the granular bed. For impact velocities 
above this threshold there appears to be a negative correlation between high impact velocities 
and the number of final cohesive contacts for cohesive strengths of 100 and 200 kJ/m3, but 
additional simulations are needed to support this relationship for a cohesive strength of 300 
kJ/m3. 
Figure 67 represents the relationship between the final cohesive contacts and the 
coefficient of restitution. The 31-g simulations suggest a threshold velocity for the projectile to 
rebound from the granular bed. For impact velocities above this threshold there appears to be a 
negative correlation between high impact velocities and the number of final cohesive contacts for 
cohesive strengths of 100 and 200 kJ/m3, but additional simulations are needed to support this 






















Figure 68 represents the relationship between the work done on the projectile during its 
impact into the granular bed and the projectile rebound velocity. The work done was calculated 
as, 
𝑊 = 𝑚 ∗ 𝑎 ∗ 𝛥𝑑 
where 𝑚 is the mass of the projectile, 𝑎 is the deceleration of the projectile due to the granular 
bed, and 𝛥𝑑 is the penetration depth of the projectile. The 31-g simulations suggest that there is a 
quadratic relationship between the coefficient of restitution and impact velocity of the projectile. 
This relationship appears to be independent of the cohesive strength of the granular bed. A 
quadratic function appears to fit the data well with R2 values > 0.96. This relationship is 
reassuring in that it suggests the simulations follow the expected work-energy relationship where 














Granular Rebound Simulations  
My experimental investigation in Chapter 2 revealed that merely reproducing the rebound 
portion of a collision and rebound event may be insufficient to fully capture the physics involved 
in observing collisional accretion outcomes. To further explore this hypothesis, I carried out 
simulations of the rebound of a projectile from a bed of granular material under zero gravity 
conditions.  
I selected simulation box dimensions of 3-cm x 3-cm x 10-cm to allow for several 
diameters of 1-mm diameter grains to adhere to a 2-cm diameter projectile without interacting 
with the boundaries and to maintain a computationally reasonable number of particles for the 
preliminary simulations. I opted for projectile diameters and densities comparable to the granular 
impact simulations and varied the rebound velocity between 10 and 90 cm/s in steps of 10 cm/s. I 
selected monodisperse 1-mm diameter quartz grains for the target granular material for direct 
comparison to the granular impact simulations.  
The container is filled with 1-mm diameter spherical silicate grains to a depth of 2-cm 
under 1-g conditions achieving a porosity of ~0.5. A 2-cm diameter projectile is initialized 1-cm 
above the bed of granular material and allowed to fall into the bed of granular material under 1-g 
conditions to mimic the conditions of the drop tower experiment resulting in an initial impact of 
~50 cm/s. Once the projectile has settled in the grains, gravity is removed and a rebound velocity 
is applied to the projectile.  
Examples of the rebound of a 31-g projectile from a bed of particles with k = 300 kJ/m3 
with a rebound velocity of 30 cm/s and 90 cm/s are shown in Figure 69 and examples of the 
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rebound of a 10-g projectile from a bed of particles with k = 300 kJ/m3 with a rebound velocity 
of 30 cm/s and 90 cm/s are shown in Figure 70.  
 
 
Figure 69. 2-cm projectile rebounding from beds of 1-mm diameter silicate particles with k = 300 
kJ/m3. (Left) 31-g projectile with 30 cm/s rebound velocity. (Right) 31-g projectile with 90 cm/s 







Figure 70. 2-cm projectile rebounding from beds of 1-mm diameter silicate particles with k = 300 
kJ/m3. (Left) 10-g projectile with 30 cm/s rebound velocity. (Right) 10-g projectile with 90 cm/s 
rebound velocity. 
 
 I also carried out several simulations with 500-µm diameter silicate particles as 
the target granular material. The rebound of a 10-g projectile with a rebound velocity of 30 cm/s 
from a bed of 500-µm diameter particles with k = 100 kJ/m3 are shown in Figure 71. The 
rebound of a 10-g projectile with a rebound velocity of 30 cm/s from a bed of 500-µm diameter 







Figure 71. 10-g projectile in 500-µm diameter quartz beads, with k = 200 kJ/m3 and 0.56 packing 
density. (Left) Particles settled under gravity. (Right) 30 cm/s rebound of projectile in zero 
gravity with visible mass transfer. This produces 155 cohesive interactions, corresponding to 
0.027 g of mass transfer, as compared to 32 cohesive interactions corresponding to 0.044 g of 





Figure 72. 10-g projectile in 500-µm diameter quartz beads with k = 100 kJ/m3 and 0.56 packing 
density. (Left) Particles settled under gravity. (Right) 30 cm/s rebound of projectile in zero 
gravity with two cohesively interacting grains. 
 
I describe the results of the granular rebound simulations in the following section.  
Granular Rebound Simulation Results 
 Table 40 and Table 41 provide the results of the granular rebound simulations with 10-g 
and 31-g projectiles respectively in a bed of 1-mm diameter silicate particles. Table 42 provides 
the results of granular rebound simulations with a 10-g projectile in a bed of 500 µm diameter 
silicate particles. The travel depth of the projectile is measured as the distance the projectile 
travels after it first contacts the granular bed until its velocity is 0, and the deceleration of the 
projectile is fit from the change in velocity over the travel depth distance.  
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300 30 250 436 0.42 412 7.15 
500 112 0.36 110 15.3 
90 250 436 0.42 2 0.03 
500 112 0.36 0 0.00 
200 30 250 737 0.58 155 2.69 
500 180 0.50 28 3.89 
90 250 737 0.58 0 0.00 
500 180 0.50 0 0.00 
100 30 250 734 0.59 2 0.03 
500 180 0.50 3 0.42 
90 250 734 0.59 0 0.00 
500 180 0.50 0 0.00 
 
 
Figure 73. Cohesive interactions vs. rebound velocity for the granular rebound simulation results. 
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Figure 73 shows the relationship between the number of cohesively interacting particles adhered 
to the surface of the projectile as a function of rebound velocity for the projectile masses and 
cohesive energy densities explored in the simulations. The results of the granular rebound 
simulations suggest a piece-wise linear relationship between mass transfer and rebound velocity 
where there exists a threshold velocity that results in perfect sticking, vthreshold, stick, as well as a 
mass dependent threshold velocity that results in zero sticking, vthreshold, bounce.  The corresponding 
threshold velocities are listed in   
 
Table 43.  
 
Table 43. Threshold velocities for sticking and bouncing outcomes in our granular rebound 
simulations. 






10 300 30 70 
200 10 50 
100 n/a 40 
31 300 30 n/a 
200 10 n/a 
100 n/a 90 
 
To assess the differences between the observed mass transfer outcomes in the granular 
impact simulations and the granular rebound simulations I also carried out rebound simulations 
initialized with rebound velocities corresponding to the final velocities measured in the impact 
simulations. Table 44 presents the parameters and outcomes for these simulations along with the 
corresponding impact simulation results. The number of initial cohesive interactions was not 
controlled for in the simulations and so the resulting mass transfer outcomes are biased by this 
value. Therefore, I also characterize the mass transfer outcome in terms of a cohesive efficiency 
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defined as the final number of cohesive contacts divided by the initial number of cohesive 
contacts. Figure 74 shows the final number of cohesive contacts adhered to the surface of the 
projectile vs. rebound velocity for the impact and rebound simulations with the same rebound 
velocities and Figure 75 shows the resulting values of the cohesive efficiency vs. rebound 
velocity for the impact and rebound simulations. 
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Table 44. Cohesive efficiency comparison for rebound velocities measured in our granular impact simulations applied to the 

































300 11.11 200 198 99.0 209 202 96.7 
11.92 196 98.0 230 226 98.2 
15.69 196 98.0 201 200 99.5 
22.94 197 98.5 233 222 95.3 
200 8.17 282 277 98.2 227 222 97.8 
13.69 267 94.7 191 188 98.4 
11.94 272 96.5 194 185 95.4 
25.61 171 60.6 165 158 95.8 
28.23 148 52.4 135 135 100 
34.14 121 42.9 140 120 85.7 
100 3.51 284 266 93.7 144 144 100 
7.44 178 62.7 64 56 87.5 
8.01 163 57.4 42 35 83.3 
18.87  38 13.4 50 22 44.0 
24.51  17 5.99 22 11 50.0 
33.46  9 3.19 27 10 37.0 
35.63  7 2.46 21 6 28.6 
 














 In this section I provide interpretations of the numerical simulation results as well as 
caveats associated with the differences between the numerical simulations, experiments, and 
relevant planetary environments.   
Comparison to Experimental Results  
In the following sections I compare the results from the flight and drop tower 
experimental campaigns described in Chapter 2 to the results for various relationships 
investigated in the granular impact and rebound simulations.  
Rebound Velocity vs. Impact Velocity 
As described in Chapter 2, the flight data do not show a discernable relationship between 
projectile rebound and impact velocity. The numerical simulations, however, revealed a linear 
dependence of the projectile rebound velocity on the impact velocity as well as a dependence on 
the projectile mass and the cohesive energy density of the grains composing the granular bed. 
Additional experiments with various regolith grain types, grain size ranges, (and therefore 
correspondingly different cohesive energy densities) and projectile masses for impact velocities 
< 1 m/s may reveal whether this linear relationship exists or otherwise indicate that external 
variables are introducing additional scatter to the data that would act to obfuscate a linear trend.  
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Mass Transfer vs. Projectile Velocity   
 The flight data in Chapter 2 do not show a discernable relationship between observed 
mass transfer and the impact velocity of the projectile. The simulations suggest that there is a 
threshold impact velocity for the projectile to escape the granular bed after impact, but I do not 
include embedded projectile results in the analysis carried out in Chapter 2. However, results 
from the COLLIDE-2 flight campaign (not considered in Chapter 2) suggest a threshold velocity 
between 12 and 25 cm/s, with projectile rebound occurring for impacts > 25 cm/s whereas the 
projectile remained embedded for a projectile speed of 12 cm/s (Colwell, Low velocity impacts 
into dust: results from the COLLIDE-2 microgravity experiment, 2003). Additionally, the 
COLLIDE-1 campaign showed projectile rebound at 17 cm/s into more densely packed target 
material (Colwell, Low velocity impacts into dust: results from the COLLIDE-2 microgravity 
experiment, 2003), suggesting a relationship between the threshold velocity for rebound and the 
porosity of the granular bed. I plan to investigate this relationship further in future simulations by 
varying the packing density of the granular bed.   
 The granular rebound simulation results showed a clear relationship between mass 
transfer outcome and the rebound velocity of the projectile. The flight and drop tower data 
analysis results in Chapter 2 revealed a potential relationship between the rebound acceleration 
of the projectile and mass transfer, but the relationship was not as clear as seen in the numerical 
simulations, suggesting that external parameters absent from the simulations may have 
obfuscated the relationship between rebound acceleration and mass transfer. Therefore, more 
controlled experiments investigating the influence of rebound acceleration and rebound velocity 
alone on the mass transfer outcome and expanding the analysis beyond two-level two-parameter 
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factorial analysis is necessary to potentially link the numerical and experimental results for the 
development of a scaling law.  
Mass Transfer vs. Marble Mass 
 The granular impact and granular rebound simulations both show a systematic increase in 
mass transfer for larger marble masses. The numerical simulation results therefore support the 
statistical analysis results in Chapter 2 that suggested that marble mass is a statistically 
significant parameter in predicting mass transfer outcomes with larger marble masses leading to 
more significant mass transfer.  It is possible that the more massive projectile leads to a greater 
overlap area between the grains and the surface of the projectile which would lead to 
correspondingly stronger cohesive forces, but verifying this hypothesis requires further 
numerical investigation through two particle collision tests with projectiles of different masses.  
Mass Transfer vs. Particle Size  
 The granular rebound simulations carried out with smaller particle sizes (500-µm 
diameter) resulted in more overall particle contacts for the same marble mass and rebound 
velocity compared to the larger particle sizes (1-mm diameter), but less mass transferred in 
grams. This is most likely an artifact of the cohesion model which would result in lower cohesive 
forces applied to smaller particles. The statistical analysis in Chapter 2 suggested that smaller 
grain sizes were potentially more likely to lead to higher mass transfer, but the results were 
inconclusive. However, other experimental studies of granular systems have suggested that the 
cohesive strength of granular media increases with decreasing constituent particle size (Sanchez 
& Scheeres, 2014). Therefore, additional experiments in microgravity are needed to further 
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investigate the influence of grain size under microgravity, vacuum conditions on the bulk 
cohesive strength of the granular bed, and the cohesive model implemented in LIGGGHTS may 
need to be modified to account for this relationship.  
Relationship Between Impact and Rebound Granular Simulations  
   
 The results of the granular rebound simulations carried out using the same rebound 
velocities as the granular impact simulations indicated that the overall number of final cohesive 
contacts was larger for the rebound simulations compared to the impact simulations. However, 
the number of initial cohesive contacts for the rebound simulations was also higher, and so when 
taking this into account and assessing the mass transfer outcome as a cohesive efficiency defined 
as the final number of cohesive contacts divided by the initial number of cohesive contacts, the 
impact simulations had a higher overall cohesive efficiency compared to the granular rebound 
simulation results. The difference in cohesive efficiency was more pronounced for granular 
material with weaker cohesive strengths suggesting that impact and rebound experiments could 
be comparable for materials with very high cohesive strengths but a potential scaling law is 
needed to directly compare the mass transfer results for less cohesive material. Additional 
simulations and analysis are needed to identify the relationship between the experiment type and 
the cohesive strength of the material on the overall mass transfer outcome.  
Additionally, the travel depth and work done on the 31-g projectile in the granular 
rebound experiments was 0.62 cm and 6.01 J for k = 300 kJ/m3, 0.77 cm and 6.26 J for k = 200 
kJ/m3 and 0.75 cm and 3.10 J for k = 100 kJ/m3 for a ~50 cm/s impact. The travel depth and 
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work done on the 31-g in the granular impact experiments was 0.70 cm and 6.89 J for k = 300 
kJ/m3, 0.80 cm and 5.27 J for k = 200 kJ/m3 and 0.87 cm and 5.75 J for k = 100 kJ/m3 for a 50 
cm/s impact. Therefore, the travel depth and work done on the projectile under 1-g conditions 
were slightly higher (differences of 0.08 cm and 0.88 J for k = 300 kJ/m3, 0.03 cm and 0.99 J for 
k = 200 kJ/m3, and 0.12 cm and 2.65 J for k = 100 kJ/m3) than under the zero gravity conditions 
for the same cohesive strengths and impact velocity. Given that the granular rebound simulations 
had artificially initialized rebound velocities assigned to the projectile the work done on the 
projectile would not have any bearing on its rebound from the granular bed, but further 
investigation into the work done on a projectile under 1-g vs. zero gravity conditions may be of 
future interest for comparison of impact experiments under various gravity conditions. 
 
Conclusions 
The numerical simulations suggest a linear relationship between rebound velocity and 
impact velocity, but the flight data described in Chapter 2 is too scattered to show a discernable 
relationship between rebound velocity and impact velocity. Therefore, additional experiments 
with various regolith grain types, grain size ranges, (and therefore correspondingly different 
cohesive energy densities) and projectile masses for impact velocities < 1 m/s are needed to 
assess whether this linear relationship exists or otherwise indicate that external variables are 
introducing additional scatter to the data that would act to obfuscate a linear trend. 
The flight data do not show a discernable relationship between observed mass transfer 
and the impact velocity of the projectile, but the numerical simulations suggest the existence of a 
threshold impact velocity for the projectile to escape the granular bed. Experimental results from 
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the COLLIDE-2 and COLLIDE-1 campaign have shown that threshold velocities exist between 
12 and 25 cm/s, with projectile rebound occurring for impacts > 25 cm/s and the COLLIDE-1 
campaign showed projectile rebound at 17 cm/s into more densely packed target material 
(Colwell, Low velocity impacts into dust: results from the COLLIDE-2 microgravity experiment, 
2003). Therefore, additional simulations of impacts into various packing densities would aid in 
further elucidating this relationship, along with the addition of experimental results where the 
projectile remains embedded in the granular material from PRIME-3 (Brisset, et al., Regolith 
behavior under asteroid-level gravity conditions: low-velocity impact experiments, 2018) to the 
associated analysis.     
 The granular rebound simulation results showed a clear relationship between mass 
transfer outcome and the rebound velocity of the projectile. The flight and drop tower data 
analysis results in Chapter 2 revealed a potential relationship between the rebound acceleration 
of the projectile and mass transfer, but the relationship was not as clear as seen in the numerical 
simulations, suggesting that external parameters absent from the simulations may have 
obfuscated the relationship between rebound acceleration and mass transfer. Therefore, more 
controlled experiments investigating the influence of rebound acceleration and rebound velocity 
alone on the mass transfer outcome and expanding the analysis beyond two-level two-parameter 
factorial analysis is necessary to potentially link the numerical and experimental results for the 
development of a scaling law.  
Additionally, several simplifications were made to carry out the preliminary simulations. 
For example, the cohesive force model implemented is a simplistic model and does not capture 
the experimentally observed relationship of increased cohesion between smaller grains. The 
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simulations were also carried out with monodisperse, spherical grains that are not necessarily 
representative of jagged grains with broad particle size distributions anticipated on the surfaces 
of small, airless bodies. Future simulations will include smaller grain sizes, irregular grain 
shapes, power-law particle size distributions and more sophisticated cohesion models for a more 




















CHAPTER 4 COLLISIONAL EVOLUTION OF A MULTI-PARTICLE 
SYSTEM IN A CUBESAT  
 In this chapter I describe my role in the development of a CubeSat experiment designed 
to investigate the earliest stages of planet formation through observations of thousands of low-
velocity collision events in a long-duration microgravity environment.  
Background and Motivation 
The study of planet formation has been transformed within the last 25 years thanks to the 
detection of thousands of exoplanets and direct imaging of protoplanetary disks (Peck & 
Beasley, 2008)  (Figure 76). However, the details involved in the processes that lead to growth 
from µm-sized dust grains to planets spanning thousands of kilometers remain elusive.  The first 
steps of planet formation involve the aggregation of dust grains and condensates in the 
protoplanetary disk into cm-size “pebbles” via electrostatic surface interactions. However, as 
these pebbles grow their average collision velocities increase as they decouple from the gas in 
the protoplanetary disk and collide with smaller particles that are still strongly coupled to the 
sub-keplerian gas. This results in increased probabilities of fragmentation once the particles 
reach approximately a centimeter in size. Models of protoplanetary disk evolution (Güttler, 
Blum, Zsom, Ormel, & Dullemond, 2010) (Zsom, Ormel, Güttler, Blum, & Dullemond, 2010) 
(Lorek, Lacerda, & Blum, 2018) show that rapid growth of particles halts in the mm to cm-size 
regime, and these models are supported by observations of protoplanetary disks revealing an 
abundance of particles in this size range (Rodmann, Henning, Chandler, Mundy, & Wilner, 
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2006) (Lommen, et al., 2009) (Lommen, et al., 2010) (Melis, et al., 2011) (Perez, et al., 2012) 
(Testi, et al., 2014). 
 
  
Credit: S. Andrews (Harvard-Smithsonian CfA); B. Saxton (NRAO/AUI/NSF); ALMA 
(ESO/NAOJ/NRAO). 
Figure 76. ALMA image of a protoplanetary disk around the young star TW Hydrae.The rings 
and gaps indicate planets are in formation within the disk.  
 
Because collisions at speeds greater than a few m/s typically lead to rebound, fragmentation, 
or erosion of aggregates, very low collision velocities are required to study the collisions that 
allow aggregates to grow through sticking rather than gravitational instability. This in turn 
requires a microgravity environment so that the colliding particles are able to collide in free fall 
without external forces. Several microgravity experiments studying collisional accretion have 
been carried out on the ground (Blum & Wurm, 2008), on parabolic flights (Colwell, et al., 
2008), and suborbital flights (Colwell, 2003), (Brisset, Heisselmann, Kothe, Weidling, & Blum, 
2016). However, the freefall environments provided by these various platforms are too brief (on 
the order of seconds to a few minutes) to observe statistically rare collision events. Therefore, the 
long duration microgravity environment offered by a CubeSat mission in LEO is well-suited to 
study these interactions.  
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The current experimental database of particle collisions in microgravity consists of a broad 
distribution of outcomes for a given set of initial parameters (Güttler, Blum, Zsom, Ormel, & 
Dullemond, 2010), (Blum, 2018). This suggests that the growth of cm-size pebbles into 
planetesimals can be modeled as a stochastic process rather than a deterministic one. If the 
outcome of a collision can be treated as a stochastic process with a non-zero probability of 
sticking, then growth will occur even if most collisions lead to bouncing, erosion, or 
fragmentation. The probability of sticking determines the timescale for this growth to occur, but 
if the probability is non-zero growth is a mathematical certainty. Rare events such as multi-
particle collisions may play a crucial role in allowing pebbles to accrete by providing an extra 
particle to carry away momentum from the accreting pair. Therefore, it is necessary to observe 
many collision events over the full range of transition regimes (e.g. sticking to bouncing, 
bouncing to fragmentation) to appropriately connect the early and late stage evolution of 
particles within the protoplanetary disk. The long duration microgravity environment provided 
by a CubeSat allows us to obtain these observations and to extend the currently available 
database by orders of magnitude in the number of low-velocity collisions observed.   
Advancements in CubeSat technology over recent years have led to significant science return 
from proposed missions (Beneditti, et al., 2019). Additionally, several long-duration 
microgravity experiments have been proposed or carried out to study interactions between 
particles within size ranges relevant to planetesimal formation. These experiments include 
NanoRocks (Brisset, Colwell, Dove, & Maukonen, 2017) and Strata-1 (Fries, et al., 2018) aboard 
the International Space Station as well as Asteroid Origins Satellite (AOSAT) I (Lightholder, et 
al., 2017), a proposed 3U CubeSat mission. The NanoRocks experiment was designed to observe 
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the collisional evolution of multi-particle systems in a microgravity environment onboard the 
ISS, the Strata-1 experiment studied the behavior and properties of regolith in a microgravity 
environment, and AOSAT I is a proposed CubeSat laboratory meant to investigate particle 
aggregation in a variety of low-gravity environments. The results of Q-PACE will complement 
and expand upon the results of these experiments.   
Satellite Design 
Q-PACE is a 3U CubeSat developed at the University of Central Florida (UCF) Center 
for Microgravity Research. The purpose of the experiment is to study low-velocity collisions (< 
1 mm/s – 30 cm/s) between particles ranging from 100-µm to 1-cm in size in a long-duration 
microgravity environment and thereby greatly extend the available database of observed 
microgravity, low-velocity particle-particle, particle-cluster, and cluster-cluster collision 
outcomes. Analysis of these collisions and their inclusion in the Güttler et al. (2010) model will 
provide insight into the formation of planetesimals via collisional growth within the 
protoplanetary disk.  
A schematic of the main components of the experiment is shown in Figure 77. The 
experiment sub-systems include the Experiment Test Cell (ETC), a high-speed camera to record 
the collisional evolution of particles in the ETC, power, a passive attitude control system, and the 






Figure 77. Q-PACE components overview. Particles are within the ETC.   
 
Table 45. Q-PACE system specifications. 
System 3U CubeSat 
Instrument Raspberry PiCam 
Mass 2.81 kg  
Experiment Cell Volume 44.1 cm3 
Experiment Particle Mass 6 g  
Attitude Control  Passive Magnetic 
Uplink/Downlink Rate 9600 bps 
Nominal Mission 
Duration 
1 year  
Anticipated Time in Orbit  5 years  
 
The orbit requirements for Q-PACE (altitude > 400 km) derive from the microgravity 
quality required to achieve sufficiently low-velocity collisions between particles in the ETC. 
Environmental disturbance torques that would provide unwanted accelerations to the ETC at the 
expected orbital altitude are the aerodynamic drag torque and the gravity gradient torque. The 
acceleration due to atmospheric drag is given by Fdrag/msat where Fdrag is the drag force on the 
satellite and msat is the mass of the satellite: 
Fdrag = ½ ρ v
2 Cd A. ( 63 )  
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To provide a quality microgravity environment for our experiment we require residual 
accelerations less than 10-5 m/s2. At higher accelerations particles will collide with the 
boundaries of the ETC on a timescale shorter than the mean collision time. The atmospheric 
density at the satellite’s initial anticipated altitude of 500 km is ρ=7.310-13 - 6.0310-14 kg/m3, 
depending on solar activity. Circular orbit velocity at this altitude is v~7600 m/s. The drag 
coefficient, Cd, has a nominal value of 2.2 (Oltrogge & Leveque, 2011), and the cross-sectional 
area into the headwind, A, is between 0.01 m2- 0.042 m2. With a mass of 2.81 kg, the expected 
residual acceleration due to atmospheric drag is 1.3610 -8 – 6.710-7 m/s2. The Q-PACE mission 
will take place during anticipated solar minimum so the air density will more likely be ~5.310-
14 kg/m3 based on air density models. Regardless, the worst-case scenario for the expected 
residual acceleration due to atmospheric drag is well below the 10-5 m/s2 requirement. Residual 
accelerations will also be imparted to the particles in the ETC due to the satellite’s spin. This 
acceleration has a magnitude of aspin = RΩ
2 where R is the distance of the particle to the rotation 
axis and Ω is the satellite angular rotation rate. The maximum value of R for particles in the ETC 
is 3.8 cm, requiring a rotation speed less than 0.3º/s. The attitude control system (described in a 
subsequent section) will stabilize the satellite to an average rotation speed of 0.15º/s with a peak 
value of 0.3º/s and meets our design requirements.  
Instrumentation 
 Q-PACE is a unique planetary spaceflight mission in that it serves as both the spacecraft 
to travel to the relevant environment (a high-quality microgravity environment in LEO), and a 
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laboratory in which experiments will be conducted and recorded. Its instrumentation consists of 
the following items: 
•  ETC mounted on springs.  
• Shaking mechanism containing three orthogonal linear solenoids. 
• High-speed camera to record collisions in the ETC. 
Experiment Test Cell 
Observations of the collisional evolution of particle ensembles will take place within the 
main chamber of the ETC shown in Figure 78, with dimensions of 6 cm  4.9 cm  1.5 cm. The 
thickness of the ETC was chosen to allow a sufficient range of collisional impact parameters 
between 1-cm particles while minimizing motion along the camera’s line-of-sight. This allows us 
to observe a variety of impact angles between particles while ensuring the particles will collide 
frequently. The top and bottom of the ETC consist of glass panels to allow for video recording of 
the collisions and backlighting produced by LED strips, respectively. An additional layer of 
Teflon is positioned beneath the bottom glass panel to diffuse bright spots produced by the LED 
lighting and provide a backdrop of uniform brightness for image processing and data analysis.   
Over the course of the mission there will be four phases of the experiment. During phase 
1 of the experiment the main chamber of the ETC will be occupied by five 1-cm diameter 
marbles and thirty 2-mm diameter acrylic beads. The particle materials were chosen as 
representative analogues for particles in a protoplanetary disk with similar density and surface 
properties. Perfectly spherical particles are used in the first phases for direct comparison to 
numerical simulations. Two particle reservoirs are located on the short side of the ETC (Figure 
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3b) and are oriented at separate angles from one another so that the population of particles in 
each respective chamber can be introduced independently. The first particle reservoir will be 
rotated at the beginning of phase 2 such that the opening on the reservoir faces in towards the test 
cell chamber and introduces 30 roughly 1-mm diameter chondrules (between 0.5 and 2-mm) 
from the Bjurböle meteorite (Shields, Pinson, & Hurley, 1966). The second particle reservoir 
will be rotated at the beginning of phase 3 introducing approximately 100-μm dust aggregates 
composed of SiO2 obtained from Sigma-Aldrich which has been sieved to a size distribution 
between 70 and 120-μm. Phase 4 of the experiment begins with vigorous shaking of the ETC to 
break apart the dust aggregates. The dust particles will then coat the surfaces of the larger 
particles and the rest of phase 4 will involve the study of collisions between these dust-coated 
particles.  
Experiments conducted on suborbital flights (Brisset, Heisselmann, Kothe, Weidling, & 
Blum, 2016), on the International Space Station (Brisset, Colwell, Dove, & Maukonen, 
NanoRocks: Design and performance of an experiment studying planet formation on the 
International Space Station, 2017) and in the drop tower (Heisselmann D. , Blum, Fraser, & 
Wolling, Microgravity experiments on the collisional behavior of saturnian ring particles, 2018) 
have shown that the energy of a multi-particle system in microgravity will damp quickly through 
the dissipation of particle kinetic energy via inelastic collisions. This leads to a quasi-static 
system with extremely low collision frequency. Therefore, a shaking mechanism is necessary to 
reinitialize particle motions. We use a three-dimensional shaking mechanism to counteract 
residual accelerations encountered by the satellite and ensure that the particle velocities are 
random within the main chamber at the start of each experiment run. The shaking mechanism of 
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Q-PACE consists of three linear solenoids oriented orthogonally to each other that push the 
spring-mounted ETC in three dimensions. The moving walls of the ETC will then hit individual 
particles and deliver kinetic energy to the particle ensemble. 
 
 
Figure 78. ETC components. a. ETC with dimensions 6 cm x 4.9 cm x 1.5 cm where collisions 
between particles will be observed. b. Particle reservoir openings from which particles are 
introduced into the main collision chamber. c. Solenoid shaking mechanism designed to impart a 
random velocity distribution to the colliding particles through ETC shaking in 3 dimensions.   
 
Data analysis of the Suborbital Particle Aggregation and Collision Experiment (SPACE) 
observations (Brisset, Heisselmann, Kothe, Weidling, & Blum, 2016) has shown that the relative 
collision velocity between particles can be controlled with the frequency of the shaking 
mechanism applied to the cell the particles occupy. Control of the shaking frequency allows us to 
explore transitions between collision regimes (e.g. bouncing to sticking or fragmentation). Two-
dimensional shaking in the SPACE payload showed that for a collision velocity of 10 cm/s a 
shaking frequency of about 5 Hz is required. The cell is mounted on semi-rigid springs that allow 
for a shaking amplitude of 1 mm in the two directions orthogonal to the camera’s line of sight. 
Additional data analysis of SPACE (Brisset, Heisselmann, Kothe, Weidling, & Blum, 2016) 
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showed that shaking in the third direction is required to detach dust grains that accumulate on the 
glass window above the main chamber.   
Particle Reservoir 
We designed a particle reservoir system that would allow us to introduce additional 
particle samples into the ETC volume during the Q-PACE mission. The reservoir consists of an 
aluminum cylinder with two recessed chambers that contain the dust aggregates and chondrules 
respectively (Figure 3b). These two volumes are oriented on opposite sides and ends of the 
cylinder. This reservoir is held by a reservoir chamber, one side of which is an ETC sidewall. 
This reservoir chamber has two holes positioned to be aligned with the two reservoir volumes 
upon rotation of the cylinder, allowing for the injection of the particles from the reservoir into 
the ETC volume. The rotation of the reservoir is performed using a stepper motor and a set of 
gears (Figure 79). 
 
Figure 79. Gear system designed to rotate particle reservoirs and introduce particles into the ETC 
at the beginning of each experiment phase. 
 
Shaking Mechanism 
The shaking mechanism consists of three linear solenoids, each aligned with a spatial 
direction (x, y, z). Each solenoid is outfitted with a metal pin that retracts upon activation of the 
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solenoid. A spring wrapped around the pin keeps it extended when the solenoid is at rest so that 
an activation-deactivation cycle of the solenoid leads to the pin moving in and out. For three-
dimensional shaking of the ETC, the solenoids tap orthogonal sides of the ETC, two in the ETC 
plane (x, y) and one at the bottom (Figure 78c). Due to the quasi two-dimensional design of the 
ETC, shaking is most important in the (x, y) plane for controlling the average particle speed 
inside the experiment volume. The main role of the z solenoid at the ETC bottom is to detach 
particles accumulating on the bottom and top glass walls through surface sticking forces (this 
behavior has been observed in previous microgravity experiments (Heisselmann D. , Blum, 
Fraser, & Wolling, Microgravity experiments on the collisional behavior of saturnian ring 
particles, 2018) and can obstruct the view of collisions in the chamber). This third solenoid will 
therefore only be used in between experiment runs if we observe a significant accumulation of 
particles on the glass walls. In order to increase the shaking force produced by the main (x,y) 
shaking solenoids, they are placed under the ETC (together with the z solenoid) and push the 
ETC side walls through a set of levers. The solenoids result in a maximum imparted velocity of 
30 cm/s, and lower velocities between particles are achieved through subsequent inelastic 
collisions. 
Camera System 
The camera used for recording the particle behavior is a Raspberry PiCam capable of 
recording 720x480p resolution video at 90 fps. The camera is directly connected to the 
Raspberry Pi used for the control of each experiment and its parameters including image 
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resolution, temporal resolution, and recording duration can be adjusted through a python 
command file. 
Q-PACE ETC Testing  
To optimize the payload’s data collection and reduce hardware-related risks, we carried 
out an experiment test campaign with a laboratory test stand. The laboratory test stand includes 
an ETC with its associated LED panel, shaking mechanism, particle reservoir, and a RaspberryPi 
camera. An external electronics board allows for the command and tuning of the light intensity 
and shaking speed, while the camera is operated manually. This setup allowed for the 
optimization of the captured particle images for further data analysis. The intensity of the 
backlighting LED panel was adjusted to mitigate overexposure of the camera sensor so that the 
compression of the recorded particle images would lead to an accurate determination of the 
particle size and position and dark particles were selected to improve image contrast.  
In addition, our laboratory test stand allowed us to determine the correlation between the 
frequency of the shaking mechanism and the ETC sidewall speed (in the x and y directions), 
which is directly transferred to the sample particles. As it is mounted on four springs, the ETC 
has a response time to the tapping of the solenoids that is not linear with the shaking frequency. 
At low frequencies, the response time of the springs is shorter than the time between two 
solenoid taps, so that the particle speed inside the ETC can easily be imposed by the choice of 
the shaking frequency. However, at higher frequencies this is not the case anymore, and the 
shaking mechanism becomes inefficient and irregular as the solenoid pins are unable to contact 
the ETC walls at each tap. During our testing, we determined that the highest frequency 
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supported by the ETC response time for a regular and controlled shaking is 12 Hz. For this 
frequency, the shaking of the ETC using solenoids placed directly in front of the ETC walls in 
the x and y directions was inducing average particle speeds inside the ETC of ~ 20 cm/s, which 
was too low compared to the Q-PACE science requirement of > 30 cm/s (Table 53).  
We therefore added a set of two levers to the shaking mechanism to increase the force of 
the solenoid pins in the x and y directions. In this new design, the x and y solenoids are located 
under the ETC (together with the z solenoid), and their pins are each in contact with one end of a 
metal lever. The other end of this lever was shaped as a pin, which is in contact with the ETC 
sidewall. The lever support brackets are placed such that the lever arm increases the force 
induced by the solenoid pin onto the ETC wall. With this new design of the shaking mechanism, 
a frequency of 12 Hz induces average particle speeds of 34 cm/s, satisfying the Q-PACE science 
requirement. Additionally, the solenoid and lever system was successfully tested by suspending 
the ETC from four strings to reproduce the neutral force load on the springs that will exist in 
orbit.  
Finally, the test stand allowed for the optimization of the particle reservoir design. The 
initial design of the reservoirs included spring-loaded plates attached to the bottom of the 
reservoir volume, which pushed out the particles upon alignment of the reservoir with the 
carved-out hole in the reservoir chamber. This alignment was performed by a small stepper 
motor rotating a set of gears. During testing, it became clear that the friction induced by the 
particles inside the reservoir due to the spring-loaded plates required torques for the rotation of 
the reservoir that were significantly higher than the capabilities of the selected stepper motor. 
The adaption of the reservoir design included the elimination of spring-loaded plates and the 
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exchange of the reservoir motor with a higher torque stepper motor. The injection of the particles 
will be achieved by using the shaking mechanism after alignment of the reservoir volume with 
the reservoir chamber holes. 
Passive Magnetic Attitude Control System  
A passive magnetic attitude control system (PMACS) offers a simple, low-cost solution 
to satellite stabilization that is particularly beneficial for CubeSats with tight resource and 
volume constraints. I designed Q-PACE’s attitude control system to track the Earth’s magnetic 
field lines, which will allow for sufficiently frequent communication windows with the ground 
station and sufficient stability to provide the high-quality microgravity environment necessary 
for running our experiments. The PMAC system is composed of a bar magnet that supplies a 
restoring torque, and hysteresis rods that supply a damping torque to the satellite. The bar 
magnet acts to align the roll axis (long axis) of the satellite with the local terrestrial magnetic 
field. This orientation provides a constraint on the satellite’s pointing (Figure 80) and limits the 
rotation frequency of the satellite to ~2 times the orbital frequency. Low spin rates are necessary 
to avoid accelerations of the particles within the ETC due to the spinning spacecraft. The 
hysteresis rods are composed of ferromagnetic material with low coercivity (Permalloy80) in 
which the magnetic field is easily reversed (Table 46). The magnetic field reversal acts as a 






Image credit: Jon Marc O’ Kins. 
Figure 80.  Expected orientation of a CubeSat using PMACS attitude control in a polar orbit.  
 
To achieve the desired ground station communication windows, the attitude control 
system must lead to a settling time of less than 7 days and a roll axis orientation within 15º of the 
local magnetic field. A specific combination of the magnetic dipole strength and hysteresis 
material volume and magnetic properties are needed to meet these requirements. In the following 
sections, I describe simulations I carried out to determine an appropriate bar magnet moment and 
hysteresis material volume. I further validate these choices with simulations produced by attitude 
propagation software.   
Bar Magnet Design 
The PMACS bar magnet design requires a dipole moment strength sufficient to overcome 
the expected non-magnetic torques encountered by the satellite. Table 46 shows the disturbance 
torques experienced by a 3U CubeSat at an altitude of 500 km as calculated by a simulation tool. 
For a CubeSat this dipole moment must also be weak enough that only a small volume of 
hysteresis material is required due to the volume constraints imposed by the size of the CubeSat. 
The chosen permanent magnet strength of 0.35 A m2 supplies a maximum magnetic torque of 
approximately 1.5 x10-5 N m, approximately an order of magnitude greater than the RMS sum of 
the perturbing torques (Table 46).  
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Table 46. 3U CubeSat Environmental Torques at 500 km Orbit 
Torque Value [N m] 
Aerodynamic 2 x 10-6 
Gravity gradient 4.6 x 10-8  
Solar Radiation 1 x 10-8 
Rms sum  2 x 10-6 
  
Hysteresis Rod Design  
 Hysteresis rods are typically oriented perpendicular to the permanent magnet to 
maximize damping per rod. For my PMACS design the permanent magnet is oriented along the 
long axis of the satellite, and the hysteresis rods are mounted along the short axes. The magnetic 
properties of the hysteresis material result in a delayed response to changes in external magnetic 
fields, and this delayed response converts rotational energy into heat. A hysteresis loop for the 
chosen hysteresis material, Permalloy 80, is shown in Figure 81. 
 
Figure 81. Hysteresis loop that represents the magnetic coercivity, remenance and saturation of 
Permalloy 80 (Dekker, 2004). 
 
The hysteresis rod dimensions are limited by the size of the satellite. A hysteresis rod 
length of 9 cm was chosen as the maximum length allowable within the 10-cm constraint of the 
3U CubeSat short axes. The size and material properties of the hysteresis rods are given in Table 
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47. The quantity of hysteresis rods was then determined through simulations using an attitude 
propagator. The final placement of the PMACS components are shown in Figure 82.  
 
Table 47. Q-PACE Hysteresis Rod Properties. 
Material  Permalloy 80  
Length [cm] 9 
Diameter [mm] 1 
Quantity 2 
Coercivity [A/m] 1.19 
Remenance [T] 0.37 




Figure 82. The placement of the hysteresis rods and permanent magnet within Q-PACE are 
shown in red. 
 
Model-Based Simulation of Attitude Dynamics  
The PMACS parameters were validated using the Smart Nanosatellite Attitude 
Propagator (SNAP) simulation tool (Rawashdeh & Lumpp, 2013). SNAP is a six degree of 
freedom attitude propagator implemented in MATLAB and Simulink that allows us to simulate 
the effect of the PMACS design parameters on the attitude and pointing dynamics of our 
CubeSat. SNAP includes models for gravity gradient, magnetic torque, magnetic hysteresis, and 
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aerodynamic torque, as well as a two-body orbital model. SNAP has also been validated by 
simulating several previously launched satellites and comparing simulation results to what was 
observed on orbit (Rawashdeh & Lumpp, 2013). The simulation requires satellite and design 
parameters that include the inertia matrix of the satellite, the initial orbital altitude and 
inclination, the expected initial angular rotation of the satellite in its pitch, yaw, and roll, the 
hysteresis material parameters, volume, and orientation, and the dipole strength of the permanent 
magnet. The SNAP input values are provided in Table 48. The satellite mass properties are based 
on a best-effort 3D model available at the time the magnetic parameters were chosen. The 
current mass estimate is 2.81 kg as opposed to 2.45 kg estimated from the 3D model. We have 
verified that the spacecraft would remain stable if we assume an idealized mass distribution of a 
rectangular prism with a mass of 2.81 kg. Ideally, a measurement of the satellite’s inertia matrix 
is required for higher fidelity simulation, but it is not available at this time. 
 
Table 48. SNAP Inputs. 
Orbital altitude [km] 500 
Orbital inclination [deg] 90, 61 
Hysteresis volume per axis Y Z [cm3] 0.0706 
Permanent magnet strength along X axis [A m2] 0.35 
Initial rotation rate on each axis [deg/s] 0.1 
Ixx [kg m2] 0.007052 
Iyy [kg m2] 0.030621 
Izz [kg m2] 0.031929 
Mass [kg] 2.45 
 
A significant disturbance torque experienced by a 3U CubeSat at an altitude of 500 km is 
the gravity gradient torque. This torque is produced by the difference in gravitational attraction 





3 ue x J⋅ue  ( 64 ) 
  
   
where Tgg is the gravity gradient torque, ue is the unit vector towards nadir, R is the distance 
from the center of the Earth to the satellite, J is the inertia matrix, and μ is the geocentric 
gravitational constant. The gravity gradient torque is sensitive to the mass distribution of the 
satellite, and therefore the SNAP simulations are sensitive to the inertia matrix of the satellite.  
Aerodynamic torque will also have a significant effect on the attitude of a 3U CubeSat orbiting at 
an altitude of 500 km. To perform this analysis, the geometry of the satellite is discretized into 
volumetric elements as shown in Figure 8, and a torque profile is generated by rotating the 
satellite and aggregating the aerodynamic torque each element facing the wind experiences. This 
approach effectively accounts for the shadowing effect by parts of the satellite, where hidden 
parts experience no torque. The torque profile (Figure 83) is used as a look up table at simulation 
run time to find the aerodynamic torque depending on altitude, velocity, and attitude.  
 
Figure 83. Geometric representation of Q-PACE used for characterizing the aerodynamic torque 
(left) and resulting torque profile (right). 
 




Taero = 1/2 ρ V
2Cd A (uv × scp) ( 65 ) 
   
 
evaluated at area elements of the satellite facing the wind and summed to compute the total 
effect, where ρ is the atmospheric density, V is the satellite velocity, Cd is the drag coefficient, A 
is the affected area, uv is the unit velocity vector, and scp is the vector from the center of pressure 
to the center of mass. The resulting magnitude of the aerodynamic torque at our expected altitude 
is approximately 2 x 10-6 N m. 
Our spacecraft was originally scheduled for a 90-degree inclination orbital launch, but 
due to various issues with the launch vehicle we were given the option of a launch delay of up to 
a year if we remained with a 90-degree orbit, or to remain on schedule with a 61-degree orbit. 
Therefore, it was critical to assess the effect of the orbital inclination change to our anticipated 
mission performance. I carried out SNAP simulations for both 90-degree and 61-degree orbits 
and describe the results below.  
The orientation of the satellite with respect to the local magnetic field with aerodynamic 
torque included for both 61-degree and 90-degree orbits is shown in Figure 84. The roll axis of 
the satellite settles to an average orientation of 11º with respect to the magnetic field with a peak 
value of 20º after 20 hours for the 61-degree orbit, and to an average orientation of 13º with 
respect to the magnetic field with a peak value of 20º after 16 hours for the 90-degree orbit. The 
angular rotation rates about each body axis of the satellite for each orbital inclination are shown 
in Figure 85. The satellite settles to an average angular rotation rate of 0.1º/s with a maximum 
value of 0.2º/s within 17 hours for the 61-degree orbit and an average angular rotation rate of 
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0.2º/s with a maximum value of 0.3º/s within 13 hours for the 90-degree orbit. Therefore, both 










Figure 84. SNAP simulation results for satellite orientation with respect to the magnetic field. 
(Left) 61-degree orbital inclination SNAP simulation output of the angles between the satellite 
body axes relative to the local magnetic field vector. The roll axis of the satellite settles to an 
average of 11° with respect to the local magnetic field within 20 hours, with a peak value of 20°. 
(Right) 90-degree orbital inclination SNAP simulation output of the angles between the satellite 
body axes relative to the local magnetic field vector. The roll axis of the satellite settles to an 





Figure 85. SNAP simulation results for satellite angular rotation rates. (Left) SNAP simulation 
output of the 61-degree orbit satellite angular rotation rate absolute magnitude for the chosen 
PMAC parameters. The angular rotation rate of the satellite settles to an average of 0.2°/s within 
800 minutes (13.3 hours) with a peak value of 0.3°/s. (Right) SNAP simulation output of the 61-
degree orbit satellite angular rotation rate absolute magnitude for the chosen PMAC parameters. 
The angular rotation rate of the satellite settles to an average of 0.1°/s within 1000 minutes (16.7 
hours) with a peak value of 0.2°/s. 
 
Figure 86 shows the magnitude of the magnetic control torque and each of the 
disturbance torques. 
 
Figure 86. Magnitude of the control and disturbance torques. The magnitude of the magnetic 
torque peaks at a value of 1.5 x 10-5 N m, an order of magnitude larger than the combination of 




The magnitude of the magnetic torque peaks at a value of 1.5 x 10-5 N m, approximately 
an order of magnitude above the aerodynamic torque value of 2 x 10-6 N m, and maintains a 
magnitude comparable to the aerodynamic torque once the spacecraft stabilizes.   
Spacecraft Power and Communications  
Systems Toolkit (STK) is a visual orbital simulation tool that can be used to assess 
various critical components of a spacecraft mission including communications, solar power 
generation, and orbital lifetime. I used STK primarily to provide further verification of the 
attitude control solution by determining that the spacecraft would have sufficient ground station 
access times and power to carry out the mission’s primary objectives. I also carried out 
comparative analysis using both the 90-degree and 61-degree inclination orbit options to assess 
how the change in orbital parameters would affect our on-orbit performance. To begin this 
analysis, I initialized the satellite with either a 90-degree or 61-degree orbital inclination at 500 
km altitudes and read in the associated attitude files output by SNAP.  
Ground Station Communication Access  
To compute the anticipated ground station access times for each orbit I initialized a 
ground station facility at UCF’s latitude and longitude (28.2, -81.2).  The orbit evolution was 





Figure 87. 2D representation of the 61 and 90-degree orbital inclination paths along with the 
location of the UCF ground station. 
 
Figure 88. 3D representation of our 3U CubeSat on orbit near the UCF ground station. 
 
The ground station access windows directly depend on the orientation of the satellite’s 
antenna with respect to the ground station location. Table 49 and Table 50 provide the access 
times calculated in STK for a given simulation period of 100 hours for a 90 degree and 61-
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degree orbit respectively. The average access duration for the 90-degree orbit is approximately 
498 seconds (8.3 minutes) with 6 access instances typically available each day.  The average 
access duration for the 61-degree orbit is approximately 565 seconds (9.4 minutes) with either 4 
or 5 access instances available each day.  
 
Table 49. Communication access report generated in STK for a 90-degree inclination orbit 
simulation. The average access duration is approximately 498 seconds (8.3 minutes) with 6 
access instances available each day.  
 
                  Access        Start Time (UTCG)           Stop Time (UTCG)             Duration (sec) 
                     ------         ------------------------         ------------------------                -------------- 
                       1    29 Mar 2019 17:01:59.922    29 Mar 2019 17:12:13.737           613.815 
                       2    29 Mar 2019 18:38:48.586    29 Mar 2019 18:50:17.978           689.393 
                       3    29 Mar 2019 20:22:41.679    29 Mar 2019 20:23:59.560            77.881 
                       4    30 Mar 2019 01:25:03.047    30 Mar 2019 01:28:01.490           178.442 
                       5    30 Mar 2019 02:59:27.905    30 Mar 2019 03:11:03.398           695.493 
                       6    30 Mar 2019 04:37:40.498    30 Mar 2019 04:47:38.719           598.220 
                       7    30 Mar 2019 16:41:22.998    30 Mar 2019 16:51:28.366           605.368 
                       8    30 Mar 2019 18:18:04.316    30 Mar 2019 18:29:37.176           692.860 
                       9    30 Mar 2019 20:01:24.522    30 Mar 2019 20:03:47.249           142.727 
                      10    31 Mar 2019 01:04:41.213    31 Mar 2019 01:06:53.961           132.749 
                      11    31 Mar 2019 02:38:47.049    31 Mar 2019 02:50:19.254           692.205 
                      12    31 Mar 2019 04:16:54.968    31 Mar 2019 04:27:01.993           607.025 
                      13    31 Mar 2019 16:20:46.328    31 Mar 2019 16:30:42.787           596.459 
                      14    31 Mar 2019 17:57:20.198    31 Mar 2019 18:08:56.300           696.102 
                      15    31 Mar 2019 19:40:18.250    31 Mar 2019 19:43:24.180           185.930 
                      16     1 Apr 2019 00:44:34.149     1 Apr 2019 00:45:31.540                57.391 
                      17     1 Apr 2019 02:18:06.257     1 Apr 2019 02:29:34.961              688.704 
                      18     1 Apr 2019 03:56:09.635     1 Apr 2019 04:06:25.024              615.389 
                      19     1 Apr 2019 16:00:09.917     1 Apr 2019 16:09:57.001              587.084 
                      20     1 Apr 2019 17:36:36.225     1 Apr 2019 17:48:15.357              699.132 
                      21     1 Apr 2019 19:19:16.313     1 Apr 2019 19:22:56.886              220.573 
                      22     2 Apr 2019 01:57:25.540     2 Apr 2019 02:08:50.519              684.979 
                      23     2 Apr 2019 03:35:24.490     2 Apr 2019 03:45:47.812              623.321 




Min Duration          16     1 Apr 2019 00:44:34.149     1 Apr 2019 00:45:31.540            57.391 
Max Duration          20     1 Apr 2019 17:36:36.225     1 Apr 2019 17:48:15.357         699.132 
Mean Duration                                                                              498.269 






Table 50. Communication access report generated in STK for a 61-degree inclination orbit 
simulation. The average access duration is approximately 565 seconds (9.4 minutes) with 4-5 
access instances available each day.   
 
                  Access        Start Time (UTCG)           Stop Time (UTCG)        Duration (sec) 
                  ------    ------------------------    ------------------------    -------------- 
                       1    29 Mar 2019 17:01:43.147    29 Mar 2019 17:13:17.279           694.132 
                       2    30 Mar 2019 04:37:20.665    30 Mar 2019 04:48:53.098           692.433 
                       3    30 Mar 2019 06:13:43.057    30 Mar 2019 06:20:34.400           411.343 
                       4    30 Mar 2019 15:13:43.468    30 Mar 2019 15:16:12.114           148.646 
                       5    30 Mar 2019 16:42:58.712    30 Mar 2019 16:54:34.076           695.364 
                       6    30 Mar 2019 18:21:01.054    30 Mar 2019 18:26:24.391           323.337 
                       7    31 Mar 2019 04:18:44.390    31 Mar 2019 04:29:58.042           673.652 
                       8    31 Mar 2019 05:54:13.106    31 Mar 2019 06:02:54.547           521.441 
                       9    31 Mar 2019 16:24:23.131    31 Mar 2019 16:35:45.186           682.055 
                      10    31 Mar 2019 18:00:52.675    31 Mar 2019 18:08:47.294           474.619 
                      11     1 Apr 2019 04:00:14.924     1 Apr 2019 04:10:53.015           638.092 
                      12     1 Apr 2019 05:34:59.453     1 Apr 2019 05:44:54.621           595.168 
                      13     1 Apr 2019 16:05:56.810     1 Apr 2019 16:16:50.274           653.465 
                      14     1 Apr 2019 17:41:15.554     1 Apr 2019 17:50:42.563           567.009 
                      15     2 Apr 2019 03:41:54.101     2 Apr 2019 03:51:36.099           581.998 
                      16     2 Apr 2019 05:15:55.783     2 Apr 2019 05:26:41.137           645.354 




Min Duration           4    30 Mar 2019 15:13:43.468    30 Mar 2019 15:16:12.114           148.646 
Max Duration           5    30 Mar 2019 16:42:58.712    30 Mar 2019 16:54:34.076           695.364 
Mean Duration                                                                              565.031 
Total Duration                                                                            9605.522 
 
Therefore, the average downlink time available for the 90-degree and 61-degree orbits 
each day is approximately 50 and 42 minutes respectively. Though the 61-degree orbit results in 
a reduction of available communication time, the time available was still deemed sufficient to 
meet our mission objectives.  
Solar Power Generation  
Q-PACE’s power subsystem consist of 13 solar panels mounted around the body of the 
spacecraft with 3 panels on each long face of the CubeSat and one panel on the top face. To 
generate a model that reflected Q-PACE’s solar panel configuration, modifications were made to 
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the default STK 3U CubeSat model including a reduction in the number, area, and efficiency of 
the solar panels. The analysis was also performed with only 11 functional panels to determine 
whether sufficient power could still be generated if issues with two defective panels could not be 
solved prior to launch. SNAP simulations for the 90 and 61-degree orbit options were carried out 
for a simulated year through 100-hour simulations for several months of the year. The attitude 
files generated by SNAP were then read into STK to perform the power analysis. The power 
output results shown in Table 51 consist of a 4-minute sampling time that begins approximately 
2 hours after the spacecraft attitude has settled.  
 
Table 51. Average power generation comparison for 90 and 61-degree inclination orbits using 
100-hour length simulations sampled at 4 minutes with values computed starting 2 hours after 
the spacecraft had settled to the desired angular rotation rate. 
Month Inclination (Degrees) Power (W) 
January 90 4.71 
61 3.77 
February 90 3.76 
61 3.86 
March 90 3.37 
61 3.17 
April  90 4.61 
61 3.95 
May 90 4.6 
61 3.81 
June 90 6.43 
61 4.54 
August 90 3.99 
61 3.59 
September 90 3.4 
61 3.11 
October 90 3.7 
61 3.6 
November 90 5.1 
61 3.62 




The values in Table 51 are plotted in Figure 89 to demonstrate the overall trend of power 
production throughout the year for each orbital inclination option.  
 
Figure 89. Power output comparison for 90 and 61-degree inclination orbits over the year. The 
90-degree orbit would provide an overall greater amount of power, but the 61-degree orbit would 
still provide sufficient power to meet our mission requirements. 
 
It is clear from the power output comparison plot that the 90-degree inclination orbit 
would yield a higher power output overall, with an average output of 4.47 W compared to 3.69 
W for the 61-degree inclination orbit. However, the minimum power output of 3.11 W for the 
61-degree orbit during the month of September would still provide sufficient power for our 
CubeSat’s operations. Therefore, given that the 61-degree orbit would meet our attitude control, 
power generation, and communications requirements, we selected this orbit to remain on an 
earlier launch schedule.  
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Experiment Design  
The scientific goal of the Q-PACE mission is to observe and analyze low-velocity 
collisions between particles over a wide parameter space to develop a stochastic model for 
collisional transition regimes. Experiments carried out in the ETC will improve our 
understanding of the early-stage collision evolution of the protoplanetary disk by extending the 
parameter space of observed particle collisions and by studying the role of dust aggregate 
interactions through collision velocities of <1 mm/s to 30 cm/s. The collisional parameters and 
outcomes measured from the experiment will be used to update existing collision models, such 
as the (Güttler, Blum, Zsom, Ormel, & Dullemond, 2010) model (Figure 90). Improvements to 
collision outcome models are necessary to allow for more realistic protoplanetary disk evolution 
models and advance our understanding of planet formation.  
 
 
Figure 90.  Collision model produced by Güttler et al. (2010) representing the parameter space 
for sticking, bouncing and fragmentation as a function of reduced particle mass and collision 
velocity. The arrows and boxes indicate the bouncing and sticking transition range that will be 
explored by Q-PACE.  
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Experiment Plan  
 The experiment plan is designed to determine how the collisional evolution of a multi-
particle system is influenced by particle size, density, and surface properties and comply with the 
requirements summarized in the Science Traceability Matrix (Table 53). The composition of 
ordinary chondrites indicates a mixture of chondrules and compacted dust grains. Therefore, 
observations of multi-particle systems will provide us with a better understanding of the 
collisional evolution of agglomerates in the protoplanetary disk and provide insight into the 
formation of planetesimals from these particle systems. The Q-PACE experiment plan is divided 
into three separate phases: 
 
Phase 1: We will observe collisions between particles of different sizes (mm and cm-size 
particles). The collisions will take place with 35 particles: 30 2-mm diameter acrylic beads and 
five 1-cm diameter glass marbles. The particle sizes and shapes for Phase 1 are chosen for direct 
comparison to numerical simulations, and the particles’ material and density are analogous to 
particles forming the early building blocks of planetesimals. We will measure the collision 
velocities of the particles, their coefficients of restitution, the damping energy of the system, and 
the size of any aggregates that form through sticking.  
Phase 2: A particle reservoir will be rotated into an open position to introduce 30 
Bjurböle chondrules into the collision chamber of the ETC. These particles are chosen because 
they represent some of the most primitive objects in the solar system, and observing their 
collisional interactions will give us a window into how these objects coalesced at the beginning 
stages of planet formation. We will measure the collision velocities, coefficients of restitution, 
212 
 
aggregate sizes, energy damping, and observe differences in collision outcomes between 
idealized, spherical particles and the more irregular chondrules to improve N-body accretion 
simulations.  
Phase 3: A particle reservoir on the side of the ETC will be rotated into an open position and 
introduce 100-μm SiO2 dust aggregates (formed through clumping within the particle reservoir) 
into the chamber. The introduction of these dust aggregates will allow us to observe complex 
interactions between µm size dust particles, chondrules, and cm-size particles anticipated to 
occur in the early stages of planet formation. We will observe collisions between mm and cm-
size particles as well as dust aggregate clusters. We will measure the sticking probability of these 
aggregates with the various particle size ranges in the chamber, and we will characterize the 
formation of any multi-particle systems that form.  
Phase 4: The ETC will be shaken at the maximum wall velocity to de-agglomerate any multi-
particle systems that have previously formed. We will observe the fragmentation behavior of the 
agglomerates and the sticking probability of individual dust aggregates onto the larger particles. 
The ETC will then be shaken to produce low collision velocity interactions between newly dust-
coated particles. These observations will allow us to determine the influence of dust coatings on 
the particles’ coefficients of restitution and sticking probabilities. 















Each experiment phase will last 15 weeks and will be recorded in 300 second increments 
using a high-speed camera. The frequency of each experiment run is limited by data downlink 
time, and is predicted to be monthly, providing 3 experiment runs per phase. The recording 
duration for each experiment run will be adjusted based on the results of previous experiment 
run, with an initial recording duration set to 300 s. The science traceability matrix for the Q-
PACE mission is provided in Table 53.
Properties Marble  Spherical Bead  Chondrule  Dust Aggregate  
Diameter 1 cm  2 mm  1 mm  100 μm 
Porosity 0 0 0 05.-0.7 
Mass 1 g 5x10-3 g 10-3 g 10-5 g 





2.6 g/cm3 3.2 g/cm3 2.6 g/cm3 
Monomer 
diameter 
N/A N/A N/A 1 μm 
Shape Spherical Spherical Irregular Irregular 
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Table 53. Q-PACE Science Traceability Matrix. 
Science 
Objectives 








Observable Parameter Requirement 
1. Quantify the 
energy damping 
in multi-particle 
systems at low 
collision speeds 





up to 10 cm/s 
Cell shaking 
frequency 
~ 5 Hz up to 10 Hz 200% 
Power to operate 
solenoids to initiate 
vibrations in the 
experiment test cell 
Particle speeds as 




> 200 s per 
experiment run 
> 300 s per run 50% 
Downlink data 








than 10-5 m/s2 
< 10-6 m/s2 10x 
CubeSat stabilization 
to a rotation rate less 
than 6x10-3 rad/s and 





before and after 
collisions 
Frame rate 
90 fps: track a mm-
sized bead and 
collisions between 2 
frames 




storage, power and 
illumination for each 
run 
Image resolution 
430x430 px: resolve 
70μm particles on 
6x6 cm2 FOV 
800x480 px >200% 
High-resolution 














Observable Parameter Requirement 
Science 
Objectives 






Physical Parameters Observables Parameters Requirement 
2. Identify the 
influence of a size 
distribution on the 
collision outcome 
Coefficient of restitution Particle speeds 
Frame rate 
90 fps: see 
above 





800x480 px >200% See above 





800x480 px >200% See above 
Available mass 
distribution 
2 orders of 
magnitude in 
particle size 
2 orders of 
magnitude: 1 cm 
marbles, 1 mm 
beads and 0.1 mm 
grains 
N/A N/A 
Probability of sticking and 




90 fps: see 
above 
240 fps 20% See above 
Number of 
experiments 
5 for the 
threshold 
mission 
> 10 2x 





430x430 px: see 
above 






















Observable Parameter Requirement 
dust coating on 
surfaces 
3. Observe the 
influence of dust 
on a multi-particle 
system  
Mass transfer Distribution of dust 




430x430 px: see 
above 
800x480 px >200% See above 
Probability of sticking and 
fragmentation in a multi-
particle system 
Collision outcomes Frame rate 90 fps: see 
above 
240 fps 20% See above 
Image 
resolution 
430x430 px: see 
above 
800x480 px >200% See above 
Number of 
experiments 
5 for the 
threshold 
mission 
> 10 2x > 1 year 
operations in 
orbit 




430x430 px: see 
above 




Probability of sticking and 




90 fps: see 
above 
240 fps 20% See above 
Image 
resolution 
430x430 px: see 
above 
800x480 px >200% See above 
Recording 
duration 























~10,000 >10,400 >400 






Numerical Simulations  
I ran simulations in the N-body integrator REBOUND (Rein & Liu, 2012) with parameters 
that allowed for the replication of phase 1 conditions of the Q-PACE experiment. A 64.91.5 
cm box with closed boundary conditions was initialized and populated with five 1-cm diameter 
particles and thirty 2-mm diameter particles with coefficients of restitution of 0.8. I simulated 
several 300 second experiments to validate that the proposed number density of particles in our 
experiment plan would meet our expectations for the collision frequency between particles and 
the energy damping time of the system.  
 The particle velocities for a simulated experiment are shown in Figure 91. The velocity of 
the particle system reduces to 1 mm/s within 150 s, well within our expected 300 s recording 
duration for the Q-PACE experiments. This suggests that for the chosen configuration of 
particles we will likely be able to shorten the recording duration for each experiment and thereby 









Figure 91. Particle velocities over time from Q-PACE Phase 1 experiment simulation. (Left) 
Velocity of each simulated particle as a function of time undergoing collisions within a simulated 
box with dimensions of the Q-PACE ETC for the expected duration of a single 300 s experiment. 
The particle velocities settle to 2 mm/s after 60 s and less than 1 mm/s after 150 s. (Right) 
Velocity as a function of time for two simulated particles of differing sizes undergoing collisions 
within a simulated box with dimensions of the Q-PACE ETC for the expected duration of a 
single 300 s experiment.  
 
I also tracked the velocity of a 1-cm diameter and 2-mm diameter particle during the 
simulation and have plotted this as a function of time on the right of Figure 11. The damping 
time for the 2-mm particle is slightly longer than for the 1-cm particle, but both have velocities 
less than 1 mm/s within 200 s which is shorter than our anticipated experiment recording 
duration.   
Figure 92 shows the total number of collisions between each particle on the left and the 




Figure 92. Number of particle collisions over time for Q-PACE Phase 1 experiment simulation. 
(Left) The total number of collisions among particles is expected to be ~700 within a 300 s 
experiment for a nominal coefficient of restitution value of 0.8. (Right) The average number of 
collisions per particle is simulated to be ~24 within a 300 s experiment duration for a nominal 
coefficient restitution value of 0.8. 
 
 
The total number of collisions among each particle within a 300 second experiment is 
approximately 700, and the average number of collisions per particle is approximately 17. These 
values indicate sufficient particle interaction to achieve energy damping of the system within our 
proposed experiment duration and therefore justify our chosen particle number density.  
Data Acquisition and Image Processing   
 The particle interactions in the main chamber of the ETC will be recorded with a high-
speed camera. The required resolution is set by the smallest particles in the experiment, 0.1 mm 
dust aggregates, which requires a resolution of 430430 pixels. The temporal resolution of the 
experiment is determined by the expected particle collision contact time. We require a frame rate 
of at least 90 fps during the first 60 s of the experiment, but from our numerical simulation 
results we anticipate that the particle motions will dampen rapidly. Therefore, we plan to 
separate the recorded experiment into batches of decreasing frame rates to reduce the experiment 
file size while maintaining sufficient temporal resolution to resolve all collisions. The chosen 
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recording device for the Q-PACE experiment is a GoPro Hero 3 Black (Figure 13). This camera 
meets our requirements with the capability of recording at 480800 pixels with 240 fps.  
 The camera will record experiments in groups of 300 s during each ~15-week experiment 
phase. We will have access to new data about once a month (due to the time necessary to 
downlink a full experiment data run). The proposed 300 second experiment duration is based on 
an estimate of the time required to observe complete damping of the system. This duration could 
be reduced if initial observations reveal that the damping time takes place over a shorter 
timescale. A shorter experiment recording would reduce the data volume and therefore the 
downlink time for each experiment. The 300 second recordings taken each month will each 
generate approximately 1.5 GB of data that will be stored on a 128 GB memory card in the 
GoPro and will be downlinked in a compressed file to the Q-PACE ground stations at UCF and 
the University of Arkansas (UA). The recordings will be downlinked after each 300 second 
experiment run, but the additional storage space on the memory card provides an extra safety 
factor for data retrieval. Transferring this data in its raw form to the Q-PACE ground stations at 
UCF and UA would require more time than our nominal mission duration. To significantly 
reduce the required downlink time, the data will be processed with an on-board computer and 
compressed to a more manageable size.  
Data Compression  
We plan to use HandBrakeCLI, an open-source video transcoder, to compress our 
recorded data to a size that would ensure downlink of a new experiment at least once a month 
(~30 MB). We will run HandBrakeCLI commands with a bash shell script sent to the on-board 
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RaspberryPi to reduce the recorded file size via greyscaling, cropping, and h.264 compression. 
We performed ground testing with a replica of the experiment apparatus to verify that a 
recording of a characteristic ensemble of particles shaken in the ETC could be compressed to a 
file size less than 30 MB. An example of a raw data image and the corresponding compressed 
image is given in Figure 93.  
 
 
Figure 93. (Left) Raw image from GoPro recording. (Right) Compressed image. 
 
   
Additionally, we verified that the compressed data file was of sufficient quality to 
perform our intended particle tracking method. 
Our downlink rate of 9600 bps would require approximately 7 hours of downlink time to 
send a 30 MB file to the ground. We anticipate approximately 8 minutes of communication time 
during 5 passes per day, resulting in approximately 10.5 days to downlink an experiment. 
However, it is unrealistic that 100% of the access window could be spent on downlinking the 
experiment data. A more conservative estimate of 5 minutes of access time 3 times per day 
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would result in 28 days of downlink time, which would still allow us to downlink a sufficient 
quantity of experiments to achieve the scientific objectives of the mission.   
Data Analysis  
To achieve the scientific goals outlined in section 3, we will track and characterize 
individual particles for each 300 second experiment and apply statistical analysis to these results. 
The particle tracking will be carried out with a heritage tracking program used in similar 
experiments (Weidling, Guttler, & Blum, Free collisions in a microgravity many-particle 
experiment. I. Dust aggregate sticking at low velocities, 2012), (Kothe, Blum, Weidling, & 
Guttler, 2013), (Brisset, Heißelmann, Kothe, Weidling, & Blum, 2017) . The advantage of this 
program is that it allows us to track particles that become hidden behind other particles for 
certain periods of time. This means that we can track specific particle trajectories for long 
durations, increasing the accuracy of our velocity measurements. The program also retains 
information on the particle’s area which provides us with information on the changes in the 
particle’s mass throughout the experiment.  
With this data we will produce a large database of collision parameters that result in 
transitions between the various collisional regimes (e.g. bouncing, sticking, fragmentation). This 
large database could potentially be used to produce a probability function that would describe 
how often we might expect particles to stick for a given set of velocities. Particle collisions with 
the ETC walls will also provide us with coefficients of restitution that we can include in this 
function. Additional analysis beyond individual particle tracking will involve monitoring the 
evolution of parameters in the processed images. These parameters include changes in the 
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background grayscale and pixel differences of averaged images. The evolution of the entire 
particle system can be analyzed this way and will provide information on mean particle velocity, 
energy damping in the system, and collision regime transitions.   
Conclusion 
The Q-PACE experiment takes place on a 3U CubeSat to take advantage of the long-
duration microgravity environment of low Earth orbit to investigate the formation of 
planetesimals. This experiment will answer questions about the collisional evolution of particles 
in the protoplanetary disk that can only be answered by observing particle interactions in a high-
quality microgravity environment. The Q-PACE experiment will have four distinct phases 
designed to observe cm-size particle interactions, cm and mm-size particle interactions, 
interactions of dust aggregates with different sized particles, and interactions between dust-
coated particles. Ground-based testing and numerical simulations have been carried out to 
optimize the experiment design and demonstrated the feasibility of performing on-board data 
compression to comply with constraints imposed by our downlink rate. We have validated a 
passive magnetic attitude control system capable of stabilization sufficient to mitigate residual 
accelerations and provide adequate alignment with the local magnetic field to ensure contact 
with the UCF ground station. Science results from the experiment will allow for the development 






CHAPTER 5 CONCLUSIONS 
Summary 
 In the following sections I provide summaries and conclusions for each chapter.  
Experimental Investigation 
I carried out low-velocity (< 60 cm/s) impact experiments into regolith with a cm-size 
projectile under 1-g conditions. These experiments resulted in only a monolayer of granular 
material adhering to the surface suggesting that the grains were not cohesive enough to overcome 
the force of gravity. These results indicated that significant mass transfer due to a low-velocity 
collision between a cm-size projectile and µm-size grains requires a microgravity environment.  
I then transitioned the tabletop spring pendulum apparatus to a laboratory drop tower 
environment.  I carried out 47 experiments under atmosphere conditions with 10 and 31-g 
projectiles with a diameter of 1.9-cm rebounding from quartz sand, JSC, and Orgueil regolith 
simulants with grain size distributions of 75-250, 125-250, and 250-50 µm. 16 of these 
experiments resulted in mass transfer, with less mass transferred than observed in the flight 
experiments but more significant mass transfer than observed in the 1-g tabletop experiments. In 
these experiments, no mass transfer was observed for rebound accelerations > 7.82 m/s2 and no 
mass transfer was observed for regolith coverage < 4.7%.  
To provide a more direct comparison to the flight experiments and the relevant planetary 
environments I transitioned the open air apparatus to a tube capable of achieving vacuum 
conditions. With this new apparatus I carried out 158 experiments with 10, 20, 31, 67, and 226 g 
projectiles with 1.9, 2.54, and 3.81-cm diameters. The target material consisted of JSC, Orgueil, 
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and quartz sand regolith with grain size distributions of 75-250, 125-250, and 250-500 µm. 33 of 
these experiments resulted in mass transfer, with less mass transferred than observed in the flight 
experiments but more significant mass transfer than observed in the 1-g tabletop experiments. 
Medium mass transfer outcomes occurred for rebound accelerations < 3.75 m/s2 and low mass 
transfer outcomes occurred for rebound accelerations < 7.02 m/s2.  
I also included 19 flight experiments in the analysis, 14 of which resulted in mass 
transfer. These experiments were carried out with 1.9-cm diameter marbles with 10 and 31-g 
masses with smooth and coated surfaces impacting quartz sand, JSC, and Orgueil with grain size 
distributions of < 250 and 250-500 µm. I found that from the available data there was no clear 
relationship between rebound velocity, coefficient of restitution, and mass transferred with 
impact velocity.  
There did appear to be a relationship between mass transfer and rebound velocity with 
more significant mass transfer more likely for lower rebound velocity, and I found a similar 
relationship for rebound acceleration. I also found that a mass transfer outcome of ‘high’ was 
more likely to occur for lower coefficients of restitution, but the relationship was less clear for 
mass transfer outcomes of ‘medium’ and ‘low’.  
 I then carried out statistical analysis on the available data to assess the statistical 
significance of various parameters in influencing the mass transfer outcome. These parameters 
included the projectile mass, projectile diameter, projectile rebound acceleration, projectile 
surface roughness, projectile regolith coverage, regolith grain type, regolith grain size, 
experiment pressure, and experiment type. I included 9 parameters in the combined data set 
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analysis and 7 parameters (omitting projectile surface roughness and experiment type) in the 
drop tower data analysis. 
The one-way ANOVA of the combined data suggested that the experiment type is a 
statistically significant parameter and may account for ~30% of the mass transfer variance. The 
remaining most significant statistical parameters in order of significance were the marble surface 
roughness (accounting for ~11% of the mass transfer variance), rebound acceleration (accounting 
for ~5% of the mass transfer variance), marble diameter (accounting for ~3% of the mass 
transfer variance), marble mass (accounting for ~1% of the mass transfer variance) and regolith 
grain size (accounting for ~1.5% of the mass transfer variance). The experiment pressure and 
regolith coverage parameters both had large p-values and negative adjusted R2 percentages 
indicating that these parameters did not have a statistically significant effect on the mass transfer 
variance. The regolith grain type was classified as trending towards significance, though the 
adjusted R2 value indicated that this parameter may only account for ~0.1% of the mass transfer 
variance.  
The main effects from the one-way ANOVA analysis suggested that smaller grain sizes 
(< 250 µm), vacuum conditions, the flight experiment type, smaller marble diameters (< 2-cm), 
larger marble masses (> 30 g), rougher projectile surfaces,  higher regolith coverage (> 25.3%), 
and lower rebound accelerations (< 4.99 m/s2) are more likely to lead to higher mass transfer 
with the most significant difference in means for experiment type and marble roughness.  
  The one-way ANOVA results suggested that multiple parameters and their interactions 
may account for the observed mass transfer and therefore it is more appropriate to extend the 
investigation to a factorial analysis approach. I carried out two-way factorial analysis which 
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required the data to be balanced resulting in a significant fraction of the available data potentially 
missing from the analysis for any given run. To mitigate this effect, I generated 10,000 subsets 
and performed the analysis on each randomly generated subset. I had sufficient data to 
investigate 24 of the possible 36 two parameter combinations for the combined data set.  
 The two-way ANOVA suggested that experiment type, regolith grain size, rebound 
acceleration, marble diameter, and experiment pressure were statistically significant parameters 
influencing the mass transfer outcome as well as the interactions between regolith grain size with 
regolith coverage and marble diameter with marble mass in at least one of the two-parameter 
balanced subsets. Upon further investigation of the relative significance of each parameter in the 
remaining subset, I could only conclude with confidence that the experiment type was a 
statistically significant parameter and further investigation is necessary to confidently assign 
significance to the remaining parameters.  
The main effects results from the two-way ANOVA suggested that higher marble mass 
(> 30 g), smaller marble diameter (< 2-cm), lower rebound acceleration (< 4.99 m/s2), smaller 
regolith grain size (< 250 µm), higher experiment pressure (atmosphere), and the flight 
experiment type are all more likely to result in increased mass transfer outcomes regardless of 
the data subset considered. For the regolith grain type and regolith coverage, however, the results 
were not as clear, with higher regolith coverage resulting in more mass transfer for the parameter 
combinations with EP and MM, and lower regolith coverage resulting in more mass transfer with 
the ET parameter combination. The regolith grain type also produced inconclusive results with 
more mass transfer with rounded grains for the EP, ET, RC, RA, MD, and GS combinations and 
irregular grains producing more mass transfer for the MM and GT combinations. This is most 
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likely a result of the relative insignificance of regolith coverage’s influence on mass transfer 
outcomes for the two-level bounds of < and > 23.5% investigated. The differences in main 
effects for the regolith grain type could also potentially be explained by the ‘high’ mass transfer 
outcomes with quartz sand in the flight experiments.  
The two-way ANOVA results also provided information on the two-way interaction 
effects for the 24 investigated two-parameter combinations. The statistically significant 
parameter interactions included interactions between regolith grain size and regolith coverage 
and interactions between marble diameter and marble mass.  
Given that the ANOVA of the combined flight and drop tower data suggested that 
experiment type had a significant influence on the mass transfer outcome, it may be more 
appropriate to analyze the data separately. Therefore, I also carried out one-way ANOVA on the 
drop tower data alone and the results indicated that marble mass and rebound acceleration were 
statistically significant parameters in predicting mass transfer outcomes. The experiment 
pressure, marble diameter, regolith grain type, regolith grain size, and regolith coverage were not 
found to be significant in affecting the amount of mass transfer produced.  
The main effects from the one-way ANOVA analysis of the drop tower data set 
suggested that smaller grain sizes (< 250 µm), rounded grains, atmosphere conditions, smaller 
marble diameters (< 2-cm), larger marble masses (> 30 g), lower regolith coverage (> 24%), and 
lower rebound accelerations (< 5.38 m/s2) are more likely to lead to higher mass transfer with the 
most significant effects for marble mass, rebound acceleration and experiment pressure.  
The results of the two-way ANOVA indicated that marble mass, marble diameter, 
regolith coverage, regolith grain type and interactions between regolith grain size with regolith 
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coverage and marble diameter with regolith grain type were statistically significant in at least one 
parameter combination subset. However, some of these parameters and parameter combinations 
were considered only trending towards statistical significance or not statistically significant at all 
in certain subsets. From further investigation into the significance of the parameters in various 
subsets I can only say with confidence that the marble mass has a significant influence on the 
observed mass transfer outcome, and further investigation is needed to confidently assign 
significance to the remaining parameters based on the two-level analysis.  
The two-way ANOVA of the drop tower data also provided information on the two-way 
interaction effects for the 20 investigated two-parameter combinations. The statistically 
significant parameter interactions included interactions between regolith grain size with regolith 
coverage and marble diameter with regolith grain type. The regolith grain size with regolith 
coverage interaction results indicated that smaller grain sizes (< 250 µm) were more likely to 
yield higher mass transfer for higher regolith coverage (> 25.3%) and larger grain sizes (> 250 
µm) were more likely to yield higher mass transfer for lower regolith coverage. A possible 
interpretation for this observation is that higher regolith coverages correspond to a larger number 
of initial cohesive contacts and there may be a particle size influence in the relative effect of the 
initial number of cohesive contacts on the final number of cohesive contacts where for smaller 
grains the larger number of initial contacts has more of an influence on the mass transfer 
outcome than for larger grains.  
The marble diameter with regolith grain type combination results indicated that smaller 
marble diameters (< 2-cm) were more likely to yield higher mass transfer with rounded grains 
and larger marble diameters (> 2-cm) were more likely to yield higher mass transfer with 
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irregular grains. This potentially indicates that irregular grains are more efficient at interlocking 
over a wider surface area than the rounded grains, but further investigation is needed to verify 
this hypothesis.  
These results have important implications for the design of future experiments 
investigating mass transfer phenomena for low-velocity interactions between a monolithic 
projectile and a granular bed. One of the main conclusions drawn from these results is that the 
mass transfer outcomes for a projectile impacting and rebounding from a granular bed and a 
projectile pulled from a granular bed result have different results: the pulled projectile mass 
transfer outcomes are systematically lower than the projectile that rebounds after impact. I also 
found that interaction effects between various parameters may play a significant role in 
determining the overall mass transfer outcome, and successfully investigating these various 
interactions requires careful balance and design of the experiment. In the future work section, I 
describe the next steps for carrying out this analysis and the development of an apparatus for 
future drop tower experiments that addresses many of the issues associated with the spring 
pendulum drop tower apparatus.  
 
Numerical Investigation  
In this chapter I described numerical simulations carried out with the granular DEM software 
LIGGGHTS to provide further context for the mass transfer events observed during the flight 
and drop tower experiments described in Chapter 2. The two main goals of the simulations were 
(1) to establish a relationship between projectile energy dissipation due to interactions with a 
granular bed and observed mass transfer and (2) to establish a relationship between a projectile 
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impact event and a projectile initialized with a specified rebound velocity from rest. The first 
goal pertained to simulations initialized with conditions similar to the COLLIDE and PRIME 
granular impact experiments described in Chapter 2 where a ~2-cm diameter projectile impacts a 
bed of granular material under microgravity conditions. This preliminary investigation was 
designed to aid in future benchmarking cases to match various threshold velocities to observed 
experimental outcomes with the goal of developing a scaling law for the relationship between 
energy dissipation of a projectile due to a granular bed and the associated mass transfer 
outcomes.  
The second goal pertained to two simulation classes: a ~2-cm diameter projectile impacting a 
granular bed under zero gravity conditions, and a ~2-cm diameter projectile that falls into a 
granular bed under 1-g conditions and is then artificially initialized with a specified rebound 
velocity under zero gravity conditions. This preliminary investigation was designed to 
characterize the observed differences in mass transfer for a simulated impact event where the 
rebound velocity is a function of the granular bed properties in contrast to a simulated rebound 
event with a controlled rebound velocity.  
The results of the granular impact simulations suggested a linear relationship between 
rebound velocity and impact velocity, but our flight data is too scattered to show a discernable 
relationship between rebound velocity and impact velocity. Therefore, additional experiments 
with various regolith grain types, grain size ranges, (and therefore correspondingly different 
cohesive energy densities) and projectile masses for impact velocities < 1 m/s are needed to 
assess whether this linear relationship exists or otherwise indicate that external variables are 
introducing additional scatter to the data that would act to obfuscate a linear trend. 
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The flight data do not show a discernable relationship between observed mass transfer 
and the impact velocity of the projectile, but the numerical simulations suggest the existence of a 
threshold impact velocity for the projectile to escape the granular bed. Experimental results from 
the COLLIDE-2 (Colwell, 2003) campaign have shown that threshold velocities exist between 
12 and 25 cm/s, with projectile rebound occurring for impacts > 25 cm/s and the COLLIDE-1 
campaign showed projectile rebound at 17 cm/s into more densely packed target material 
(Colwell, 2003). Therefore, additional simulations of impacts into various packing densities 
would aid in further elucidating this relationship, along with the addition of experimental results 
where the projectile remains embedded in the granular material from PRIME-3 (Brisset, et al., 
2018) to the associated analysis.     
 The granular rebound simulation results showed a clear relationship between mass 
transfer outcome and the rebound velocity of the projectile. The flight and drop tower data 
analysis results in Chapter 2 revealed a potential relationship between the rebound acceleration 
of the projectile and mass transfer, but the relationship was not as significant as in the numerical 
simulations, suggesting that external parameters absent from the simulations may have 
obfuscated the relationship between rebound acceleration and mass transfer. Therefore, more 
controlled experiments investigating the influence of rebound acceleration and rebound velocity 
alone on the mass transfer outcome and expanding the analysis beyond two-level two-parameter 
factorial analysis is necessary to potentially link the numerical and experimental results for the 
development of a scaling law.  
The results of the granular rebound simulations carried out using the same rebound 
velocities as the granular impact simulations indicated that the overall number of final cohesive 
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contacts was larger for the rebound simulations compared to the impact simulations. However, 
the number of initial cohesive contacts for the rebound simulations was also higher, and so when 
taking this into account and assessing the mass transfer outcome as a cohesive efficiency defined 
as the final number of cohesive contacts divided by the initial number of cohesive contacts, the 
impact simulations had a higher overall cohesive efficiency compared to the granular rebound 
simulation results. The difference in cohesive efficiency was more pronounced for granular 
material with weaker cohesive strengths suggesting that impact and rebound experiments could 
be comparable for materials with very high cohesive strengths but a potential scaling law is 
needed to directly compare the mass transfer results for less cohesive material. Additional 
simulations and analysis are needed to identify the relationship between the experiment type and 
the cohesive strength of the material on the overall mass transfer outcome. 
Additionally, several simplifications were made to carry out the preliminary simulations. 
For example, the cohesive force model implemented is a simplified version of the more widely 
accepted JKR cohesion model. Modifications to the cohesion model to more accurately reflect 
the bulk cohesive properties of regolith may be necessary for future benchmark testing. The 
simulations were also carried out with monodisperse, spherical grains that are not necessarily 
representative of jagged grains with broad particle size distributions anticipated on the surfaces 
of small, airless bodies. Future simulations will include smaller grain sizes, irregular grain 
shapes, power-law particle size distributions and more sophisticated cohesion models for a more 
direct comparison to available experimental results.  
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CubeSat Particle Aggregation Collision Experiment  
 The CubeSat Particle Aggregation Collision Experiment, Q-PACE, is a 3U CubeSat 
mission that takes advantage of the long-duration microgravity environment of low Earth orbit to 
investigate the formation of planetesimals. In this chapter I described my contributions to this 
mission including ground-testing, input to the experiment plan, the design of the satellite’s 
attitude control system, verification of the satellite’s ability to communicate with the ground 
station and generate sufficient power, and the development of a data compression solution that 
would allow for sufficient downlink of the experiments over the mission lifetime. I contributed 
to the experiment plan for the mission through ground-testing of the ETC and through numerical 
simulations that I ran to select a particle number density that would result in collisional damping 
of the system down to an average collision speed on the order of mm/s within 300 s. I designed 
the passive magnetic attitude control system of the satellite by running simulations with the 
Smart Nanosatellite Attitude Propagator software to assure that the selected magnetic material 
composing the attitude control system would allow for sufficient settling time and pointing 
accuracy of the spacecraft. I used the Satellite Toolkit software to demonstrate that the attitude 
profile of the satellite resulting from the attitude control solution would allow for sufficient 
power generation and ground station communication window access. I also described my h264 
compression solution that results in significant size reduction of the video files recorded onboard 
allowing for downlink of a full experiment at least once a month.  
236 
 
Future Work  
 In this section I outline the future work for the experimental investigation, numerical 
investigation, and CubeSat mission described in the previous chapters.  
Experimental Investigation 
The results of the statistical analysis described in Chapter 2 revealed that interaction 
effects between several parameters may play an important role in determining the overall 
production of mass transfer during low-velocity collision events between a cm-size projectile and 
a bed of regolith. Therefore, limiting the factorial analysis to two levels of two parameters may 
be insufficient to fully capture the interactions between each parameter of interest and future 
work would involve expanding the factorial analysis to additional levels and numbers of 
parameters. This would involve assessing which parameter combinations are missing from the 
requirements imposed by the expanded analysis and carrying out the additional required 
experiments to perform this analysis. These experiments would be carried out with an improved 
experimental apparatus that replaces the spring pendulum system described in Chapter 2 with a 
pulley system providing finer control of the rebound velocity of the projectile.  
Figure 94 shows a CAD of the improved rigid pulley mechanism design in a container 
capable of pumping down to vacuum conditions. The marble is attached with a short piece of 
fishing line (< 0.5 cm) to an eyebolt. Once the apparatus is in free-fall, a stepper motor will turn 
at a specified frequency which will then turn the timing belt pulleys and allow the marble to lift 





Figure 94. CAD of rigid pulley design inside cylindrical container capable of pumping to 
vacuum conditions. 
 
Table 54 provides a potential experiment plan to carry out with the improved apparatus, though 
further investigation of the particular parameter combinations required for expanded factorial 
analysis is needed to determine the number of combinations of each investigated parameter to 
vary in the associated experiments.   
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Additionally, the qualitative nature of the mass transfer outcome should be reassessed. 
Independent verification of the assigned amount of mass transfer from additional sources, 
investigations into how changing unclear mass transfer outcomes affect the overall analysis, finer 
granularity of qualitative classification, and potentially using numerical simulations to associate 
quantitative mass transfer values with experimental observation should be investigated for future 
work.  
Numerical Investigation 
 My numerical simulation results suggested a linear relationship between impact velocity 
and rebound velocity for a 31-g projectile, but these simulations should be extended to additional 
projectile masses to identify the overall energy dependence of the relationship. Additionally, the 
comparison between the granular rebound simulation and granular impact simulations with the 
same rebound velocity were not directly comparable because the number of initial cohesive 
contacts were higher in the rebound simulation compared to the impact simulation. Therefore, 
additional rebound simulations should be carried out that initialize the projectile at the same 
penetration depth as the associated projectile in the impact simulations.  
 For direct comparison to experiments and relevant planetary environments additional 
simulations with smaller particles using power-law particle size distributions as opposed to 
monodisperse particles should be carried out. Additionally, the angular nature of particle shapes 
anticipated to occur on small, airless bodies should be investigated through LIGGGHTS’ multi-
sphere capabilities, as well as the effect of particle packing density on the overall energy 
dissipation during impact.  
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CubeSat Particle Aggregation Collision Experiment  
 Q-PACE is flight ready and the design of the spacecraft is finalized. Therefore, future 
work associated with the mission applies to future data analysis. Q-PACE will produce tens of 
thousands of low-velocity (mm/s - cm/s) collisions between μm to cm-size particles. The large 
number of collisions will make it possible to provide a probabalistic description of collisional 
outcomes that can be used in planet formation models. To reproduce the anticipated results of 
these experiments, future work involves carrying out simulations using the DEM granular 
mechanics software LIGGGHTS (Figure 95). The tunable parameters of the simulation would 
include the particle number density and size distribution selected to reflect discrete experimental 
phases, the particle velocity distribution, and the cohesive properties of the particles. Through 
these simulations we hope to identify formation timescales for clusters of varying sizes as well as 
the frequency of accretion, bouncing and fragmentation events as a function of the tunable 
parameters.  
 











Figure 96. GS, EP p-value histogram plots. (Left) p-value distribution for the interaction between 
regolith grain size and experiment pressure. (Middle) p-value distribution for experiment 




Figure 97. GS, ET p-value histogram plots. (Left) p-value distribution for the interaction between 
regolith grain size and experiment type. (Middle) p-value distribution for grain size. (Right) p-




Figure 98. GS, GT p-value histogram plots. (Left) p-value distribution for the interaction between 
regolith grain size and regolith grain type. (Middle) p-value distribution for grain size. (Right) p-





Figure 99. GS, MD p-value histogram plots. (Left) p-value distribution for the interaction 
between regolith grain size and marble diameter. (Middle) p-value distribution for grain size. 




Figure 100. GS, MM p-value histogram plots. (Left) p-value distribution for the interaction 
between regolith grain size and marble mass. (Middle) p-value distribution for grain size. (Right) 




Figure 101. GS, RA p-value histogram plots. (Left) p-value distribution for the interaction 
between regolith grain size and rebound acceleration. (Middle) p-value distribution for grain size. 
(Right) p-value distribution for rebound acceleration.  




Figure 102. GS, RC p-value histogram plots. (Left) p-value distribution for the interaction 
between regolith grain size and regolith coverage. (Middle) p-value distribution for grain size. 




Figure 103. GT, EP p-value histogram plots. (Left) p-value distribution for the interaction 
between regolith grain type and experiment pressure. (Middle) p-value distribution for grain 




Figure 104. GT, ET p-value histogram plots. (Left) p-value distribution for the interaction 
between regolith grain type and experiment type. (Middle) p-value distribution for grain type. 





Figure 105. MD, GT p-value histogram plots. (Left) p-value distribution for the interaction 
between marble diameter and regolith grain type. (Middle) p-value distribution for grain type.. 




Figure 106. MD, MM p-value histogram plots. (Left) p-value distribution for the interaction 
between marble diameter and marble mass. (Middle) p-value distribution for marble diameter. 




Figure 107. MD, RA p-value histogram plots. (Left) p-value distribution for the interaction 
between marble diameter and rebound acceleration. (Middle) p-value distribution for marble 









Figure 108. MD, RC p-value histogram plots. (Left) p-value distribution for the interaction 
between marble diameter and regolith coverage. (Middle) p-value distribution for marble 




Figure 109. MM, EP p-value histogram plots. (Left) p-value distribution for the interaction 
between marble mass and experiment pressure. (Middle) p-value distribution for marble mass. 




Figure 110. MM, GT p-value histogram plots. (Left) p-value distribution for the interaction 
between marble mass and regolith grain type. (Middle) p-value distribution for marble mass. 





Figure 111. MM, ET p-value histogram plots. (Left) p-value distribution for the interaction 
between marble mass and experiment type. (Middle) p-value distribution for marble mass. 




Figure 112. RA, EP p-value histogram plots. (Left) p-value distribution for the interaction 
between rebound acceleration and experiment pressure. (Middle) p-value distribution for 




Figure 113. RA, GT p-value histogram plots. (Left) p-value distribution for the interaction 
between rebound acceleration and regolith grain type. (Middle) p-value distribution for rebound 






Figure 114. RA, MM p-value histogram plots. (Left) p-value distribution for the interaction 
between rebound acceleration and marble mass. (Middle) p-value distribution for rebound 




Figure 115. RA, RC p-value histogram plots. (Left) p-value distribution for the interaction 
between rebound acceleration and regolith coverage. (Middle) p-value distribution for rebound 




Figure 116. RC, EP p-value histogram plots. (Left) p-value distribution for the interaction 
between regolith coverage and experiment pressure. (Middle) p-value distribution for regolith 





Figure 117. RC, ET p-value histogram plots. (Left) p-value distribution for the interaction 
between regolith coverage and experiment type. (Middle) p-value distribution for regolith 




Figure 118. RC, GT p-value histogram plots. (Left) p-value distribution for the interaction 
between regolith coverage and regolith grain type. (Middle) p-value distribution for regolith 




Figure 119. RC, MM p-value histogram plots. (Left) p-value distribution for the interaction 
between regolith coverage and marble mass. (Middle) p-value distribution for regolith coverage. 
















Figure 120. GS, EP p-value histogram plots. (Left) p-value distribution for the interaction 
between regolith grain size and experiment pressure. (Middle) p-value distribution for grain size. 




Figure 121. GS, GT p-value histogram plots. (Left) p-value distribution for the interaction 
between regolith grain size and regolith grain type. (Middle) p-value distribution for grain size. 





Figure 122. GS, MD p-value histogram plots. (Left) p-value distribution for the interaction 
between regolith grain size and marble diameter. (Middle) p-value distribution for regolith grain 





Figure 123. MM, GS p-value histogram plots. (Left) p-value distribution for the interaction 
between marble mass and grain size. (Middle) p-value distribution for marble mass. (Right) p-




Figure 124. GS, RA p-value histogram plots. (Left) p-value distribution for the interaction 
between regolith grain size and rebound acceleration. (Middle) p-value distribution for regolith 




Figure 125. GS, RC p-value histogram plots. (Left) p-value distribution for the interaction 
between regolith coverage and experiment type. (Middle) p-value distribution for regolith 





Figure 126. GT, EP p-value histogram plots. (Left) p-value distribution for the interaction 
between regolith coverage and experiment type. (Middle) p-value distribution for regolith grain 




Figure 127. MD, GT p-value histogram plots. (Left) p-value distribution for the interaction 
between marble diameter and regolith grain type. (Middle) p-value distribution for marble 




Figure 128. MD, MM p-value histogram plots. (Left) p-value distribution for the interaction 
between marble diameter and marble mass. (Middle) p-value distribution for marble diameter. 








Figure 129. MD, RA p-value histogram plots. (Left) p-value distribution for the interaction 
between rebound acceleration and marble diameter. (Middle) p-value distribution for marble 




Figure 130. MD, RC p-value histogram plots. (Left) p-value distribution for the interaction 
between marble diameter and regolith coverage. (Middle) p-value distribution for marble 




Figure 131. MM, EP p-value histogram plots. (Left) p-value distribution for the interaction 
between marble mass and experiment pressure. (Middle) p-value distribution for marble mass. 




Figure 132. MM, GT p-value histogram plots. (Left) p-value distribution for the interaction 
between marble mass and regolith grain type. (Middle) p-value distribution for marble mass. 




Figure 133. RA, EP p-value histogram plots. (Left) p-value distribution for the interaction 
between experiment pressure and rebound acceleration. (Middle) p-value distribution for 




Figure 134. RA, GT p-value histogram plots. (Left) p-value distribution for the interaction 
between rebound acceleration and regolith grain type. (Middle) p-value distribution for rebound 








Figure 135. RA, MM p-value histogram plots. (Left) p-value distribution for the interaction 
between rebound acceleration and marble mass. (Middle) p-value distribution for rebound 




Figure 136. RA, RC p-value histogram plots. (Left) p-value distribution for the interaction 
between rebound acceleration and regolith coverage. (Middle) p-value distribution for rebound 




Figure 137. RC, EP p-value histogram plots. (Left) p-value distribution for the interaction 
between regolith coverage and experiment pressure. (Middle) p-value distribution for regolith 





Figure 138. RC, GT p-value histogram plots. (Left) p-value distribution for the interaction 
between regolith coverage and regolith grain type. (Middle) p-value distribution for regolith 



















Figure 139. Main effects plots for experiment type in the GT, ET; MM, ET; RC, ET; and GS, ET 
parameter combination subsets. The flight experiments clearly produce the highest amount of 









Figure 140. Main effects plots for experiment pressure in the MM, EP and GT, EP parameter 
combination subsets. Experiments carried out under vacuum conditions appear to produce more 




Figure 141. Main effects plots for marble mass in the MM, ET and MM, RC parameter 
combination subsets. Larger marble masses (> 30 g) appear to result in higher amounts of mass 






Figure 142. Main effects plots for rebound acceleration in the RA, MM; RA, RC; RA, MD; and 
RA, GS parameter combination subsets. In each subset lower rebound accelerations (< 4.99 m/s2) 










Figure 143. Main effects plots for regolith coverage in the RA, RC; MD, RC; GS, RC; and MM, 
RC parameter combination subsets. The main effects for the RC, RA; RC, MD; and RC, MM 
subsets suggest that higher regolith coverage (> 25.3%) results in higher mass transfer. However, 
for the RC, GS data set it appears that lower regolith coverage results in higher mass transfer. 
The regolith coverage p-values in each of the considered subsets are all near 0.3, however, and 








Figure 144. Main effects plots for grain type in the MD, GT and GS, GT parameter combination 
subsets. In each subset rounded grains (i.e. quartz sand) resulted in higher amounts of mass 























Figure 145. Main effects plots for marble diameter in the GT, MD; MM, GT; RC, GT; RA, MD; 
and GS, MD parameter combination subsets. In each subset smaller marble diameters (< 2-cm) 
resulted in higher amounts of mass transfer. However, this result could be influenced by the lack 






Figure 146. Main effects plots for regolith grain size in the GT, GS; MM, GS; RA, GS; and MD, 
GS parameter combination subsets. In each subset smaller regolith grain sizes (< 250 µm) 





























































Statistically Significant Interaction Plots   
 
 
Figure 147. Regolith grain size and regolith coverage interaction plot. The lines intersect and so 
we can expect an interaction effect between these two parameters. Higher regolith coverage (> 
25.3%) results in more mass transfer for smaller grains (< 250 µm) than for larger grains (> 250 




Figure 148. Marble diameter and marble mass interaction plot. The lines intersect and so we can 
expect an interaction effect between these two parameters. For marbles < 2-cm, more mass 
transfer is observed for marble masses < 30 g than for > 30 g, and for marbles > 2-cm more mass 




Interactions Trending Towards Statistical Significance Interaction Plots  
 
Figure 149. Regolith grain size and experiment pressure interaction plot. The lines intersect and 
so we can expect an interaction effect between these two parameters. For smaller grain sizes it 
appears that carrying out experiments at vacuum yields higher mass transfer than at atmosphere, 
and for larger grain sizes the opposite is true.  
 
 
Figure 150. Regolith grain size and experiment pressure interaction plot. The lines intersect and 





Figure 151. Regolith grain size and regolith grain type interaction plot. The lines intersect and so 
we can expect an interaction effect between these two parameters. For smaller grain sizes it 
appears that rounded grains lead to higher mass transfer, and for larger grains it appears that 
irregular grains lead to higher mass transfer.  
 
 
Figure 152. Regolith grain size and marble diameter interaction plot. The interaction plot 
suggests that smaller marble diameters (< 2-cm) lead to higher mass transfer for grain sizes < 
250 µm, but there appears to be less of a relationship between grain size and mass transfer 





Figure 153. Regolith grain size and rebound acceleration interaction plot. The regolith grain size 
appears to play less of a role on mass transfer outcomes for rebound accelerations > 4.99 m/s2.  
 
 
Figure 154. Regolith grain size and marble mass interaction plot. Larger marble masses (> 30 g) 






Figure 155. Regolith grain type and experiment type interaction plot. There does not appear to be 
any difference in mass transfer produced based on grain size for the drop tower experiments, but 
the flight experiments appear to produce more mass transfer for rounded grains than for irregular 
grains.   
 
 
Figure 156. Marble diameter and regolith grain type interaction plot. The lines intersect and so 
we can expect an interaction effect between these two parameters. For marbles < 2-cm in 
diameter less mass transfer is observed for irregular grains than for rounded grains, and for 




Figure 157. Marble mass and experiment pressure interaction plot. The lines intersect and so we 
can expect an interaction effect between these two parameters. Experiments carried out at 
vacuum result in more mass transfer for marbles < 30 g than experiments carried out at 
atmosphere, and experiments carried out at atmosphere result in more mass transfer for marbles 
> 30 g than experiments carried out at vacuum.  
 
 
Figure 158. Marble mass and experiment type interaction plot. The mass transfer outcome 
appears to be similar regardless of the parameter level combination, though the effect is slightly 






Figure 159. Rebound acceleration and marble mass interaction plot. The lines intersect and so we 
can expect an interaction effect between these two parameters. For rebound accelerations < 4.99 
m/s2 the mass transfer outcome for experiments carried out with marbles > 30 g or < 30 g is 
nearly identical, with marbles > 30 g slightly less likely to produce mass transfer. For rebound 
accelerations > 4.99 m/s2 experiments with marbles > 30 g were more likely to produce mass 
transfer than experiments with marbles < 30 g.  
 
 
Figure 160. Rebound acceleration and regolith coverage interaction plot. The lines intersect and 
so we can expect an interaction effect between these two parameters. For rebound accelerations 
< 4.99 m/s2 experiments with more regolith coverage (> 25.3%) were more likely to result in 
mass transfer than less regolith coverage (< 25.3%). For rebound accelerations > 4.99 m/s2 
experiments with less regolith coverage (< 25.3%) were more likely to result in mas transfer than 




Figure 161. Regolith grain type and experiment pressure interaction plot. The lines intersect and 
so we can expect an interaction effect between these two parameters. Experiments carried out 
under vacuum conditions are  more likely to result in mass transfer with rounded grains than with 
irregular grains, and experiments carried out at atmosphere are more likely to result in mass 
transfer with irregular grains than rounded grains.  
 
 
Figure 162. Regolith coverage and marble mass interaction plot. The regolith coverage does not 
appear to significantly affect the mass transfer outcome for marble masses > 30 g, but for marble 









Not Statistically Significant Interaction Effects Interaction Plots  
 
Figure 163. Regolith coverage and grain type interaction plot. The regolith coverage does not 
appear to significantly affect the mass transfer outcome for rounded grains, but for irregular 
grains higher regolith coverage resulted in higher mass transfer outcomes.  
 
 
Figure 164. Regolith coverage and experiment type interaction plot. The regolith coverage does 
not appear to significantly affect the mass transfer outcome regardless of experiment type 





Figure 165. Regolith coverage and experiment pressure interaction plot. The lines intersect and 
so we can expect an interaction effect between these two parameters. The regolith coverage 
appears to matter more for experiments carried out under atmosphere conditions with more 
observable mass transfer with higher regolith coverage for experiments at atmosphere.  
 
 
Figure 166. Marble diameter and rebound acceleration interaction plot. There does not appear to 
be an interaction between the two parameters, similar mass transfer outcome relationships appear 





Figure 167. Marble diameter and regolith coverage interaction plot. Similar mass transfer 
outcome relationships appear regardless of the combination of regolith coverage and marble 
diameter, though the relationship is more pronounced for higher regolith coverage (> 25.3%).    
 
 
Figure 168. Marble mass and regolith grain type interaction plot. The mass transfer outcome 
trend is similar regardless of the parameter level combination, but more pronounced for irregular 





Figure 169. Rebound acceleration and experiment pressure interaction plot. The lines intersect 
and so we can expect an interaction effect between these two parameters. For rebound 
accelerations < 4.99 m/s2 the mass transfer outcome for experiments carried out at atmosphere 
and vacuum is nearly identical, with experiments at atmosphere slightly less likely to produce 
mass transfer. For rebound accelerations > 4.99 m/s2 experiments at atmosphere were more 
likely to produce mass transfer than experiments at vacuum.  
 
 
Figure 170. Rebound acceleration and regolith grain type interaction plot. The lines intersect and 
so we can expect an interaction effect between these two parameters. For rebound accelerations 
< 4.99 m/s2, irregular grains are more likely to produce mass transfer than rounded grains. For 
rebound accelerations > 4.99 m/s2 rounded grains are more likely to produce mass transfer than 





















































Figure 171. Main effects plots for regolith grain size in the GS, EP and GS, RC parameter 
combination subsets. In the GS, EP subset regolith grain sizes > 250 µm appear to produce more 
mass transfer, and in the GS, RC subset regolith grain sizes < 250 µm appear to produce more 























Figure 172. Main effects plots for marble mass in the GS, MM; MD, MM; EP, MM; GT, MM; 
RA, MM and RC, MM parameter combination subsets. In each subset larger marble masses (< 






Figure 173. Main effects plots for rebound acceleration in the RA, GS; RA, MD and RA, RC 
parameter combination subsets. In each subset lower rebound acceleration (< 5.38 m/s2) resulted 










Figure 174. Main effects plots for regolith coverage in the GS, RC ad RC, EP parameter 
combination subsets. In the GS, RC subset experiments with regolith coverage < 24% yielded 
higher mass transfer, and in the RC, EP subset experiments with regolith coverage > 24% 
yielded higher mass transfer.  
 
 
Figure 175. Main effects plots for marble diameter in the MD, GT parameter combination subset. 





Figure 176. Main effects plots for regolith grain type in the MD, GT and MM, GT parameter 
combination subsets. In the MD, GT subset experiments with rounded grains were more likely to 
result in mass transfer, and in the MM, GT subset experiments with irregular grains were more 





Figure 177. Main effects plots for experiment pressure in the MM, EP parameter combination 
subset. Experiments carried out under vacuum conditions resulted in more mass transfer 

























































Statistically Significant Interaction Effect Plots  
 
Figure 178. Regolith grain size and regolith coverage interaction plot. The lines intersect and so 
we can expect an interaction effect between these two parameters. Experiments with regolith 
coverage < 24% were more likely to result in mass transfer with regolith > 250 µm and 
experiments with regolith coverage > 24% were more likely to result in mass transfer with 
regolith < 250 µm.  
 
 
Figure 179.Marble diameter and regolith grain type interaction plot. The lines intersect and so we 
can expect an interaction effect between these two parameters. Experiments with rounded grains 
were more likely to result in mass transfer with smaller marbles (< 2-cm) and experiments with 





Trending Towards Statistical Significance Interaction Effect Plots 
 
Figure 180. Regolith grain size and experiment pressure interaction plot. The lines intersect near 
the < 250 µm range and so we can expect a potential interaction effect between these two 
parameters. The mass transfer mean is nearly equal for experiments with < 250 µm regolith 
regardless of pressure conditions, though mass transfer production was slightly less for 
experiments at atmosphere than under vacuum. For experiments with > 250 µm regolith the 
experiments carried out under atmosphere conditions resulted in higher mass transfer than those 
carried out at vacuum.  
 
 
Figure 181. Regolith grain size and regolith grain type interaction plot. The lines intersect and so 
we can expect an interaction effect between these two parameters. For experiments with < 250 
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µm regolith mass transfer is more likely for rounded grains than for irregular grains. For 
experiments with > 250 µm regolith mass transfer is more likely for irregular grains than for 
rounded grains.  
 
 
Figure 182. Marble diameter and marble mass interaction plot. The lines have opposite slopes 
and so there is the potential for an interaction effect. For experiments with marbles > 30 g mass 
transfer is more likely if the marble diameter is > 2-cm, and for experiments with marbles < 30 g 





Figure 183. Marble diameter and rebound acceleration interaction plot. There does not appear to 





Figure 184. Marble mass and experiment pressure interaction plot. The lines intersect and so we 
can expect an interaction effect between these two parameters. For experiments with marbles < 
30 g mass transfer is more likely under vacuum conditions than at atmosphere. For experiments 





Figure 185. Rebound acceleration and regolith grain type interaction plot. The lines intersect and 
so we can expect an interaction effect between these two parameters. For experiments with 
rebound acceleration < 5.38 m/s2 mass transfer is more likely with irregular grains than with 
rounded grains. For experiments with rebound acceleration > 5.38 m/s2 mass transfer is more 





Figure 186. Regolith coverage and experiment pressure interaction plot. The lines intersect near 
regolith coverage < 24% and so we can expect a potential interaction effect between these two 
parameters. For experiments with regolith coverage < 24% the likelihood of mass transfer is 
nearly equal with a slight preference for experiments at vacuum conditions than at atmosphere. 
For experiments with regolith coverage > 24% mass transfer is more likely for experiments at 
atmosphere than under vacuum conditions.  
 
Not Statistically Significant Interaction Effect Plots  
 
 
Figure 187. Regolith grain size and marble diameter interaction plot. The lines are nearly parallel 





Figure 188. Regolith grain size and marble mass interaction plot. The lines do not intersect and 
so an interaction effect between the two parameters is unlikely. For experiments with marbles > 
30 g mass transfer appears more likely for > 250 µm regolith than for < 250 µm regolith. For 
experiments with marbles < 30 g mass transfer appears more likely for < 250 µm regolith than 
for > 250 µm regolith.   
 
 
Figure 189. Regolith grain size and rebound acceleration interaction plot. The lines do not 
intersect and an interaction effect is unlikely. For experiments with marble rebound acceleration 
< 5.38 m/s2 mass transfer is more likely for < 250 µm regolith than for > 250 µm regolith. For 
experiments with marble rebound acceleration > 5.38 m/s2 mass transfer is more likely for > 250 
µm regolith than for < 250 micro regolith, though the effect is less pronounced than for the 





Figure 190. Regolith grain size and experiment pressure interaction plot. The lines intersect near 
rounded regolith grain type and so we can expect a potential interaction effect between these two 
parameters. Experiments with rounded grains are nearly equally likely to result in mass transfer 
with a slight preference for experiments carried out under vacuum. Experiments with irregular 





Figure 191. Marble diameter and regolith coverage interaction plot. The lines intersect and so we 
can expect an interaction effect between these two parameters. For experiments with marbles < 
2-cm mass transfer is more likely for regolith coverage < 24% than > 24%, and for experiments 





Figure 192. Marble mass and regolith grain type interaction plot. The lines are nearly parallel 




Figure 193. Rebound acceleration and experiment pressure interaction plot.The lines are nearly 





Figure 194. Rebound acceleration and marble mass interaction plot. There appears to be no 
difference in observed mass transfer for marbles < 30 g regardless of rebound acceleration. For 




Figure 195. Rebound acceleration and regolith coverage pressure plot. The lines are nearly 






Figure 196. Regolith coverage and regolith grain type interaction plot. For irregular grains the 
likelihood of mass transfer does not seem to have a strong dependence on regolith coverage, 
though there is a slight preference for regolith coverage < 24%. For rounded grains mass transfer 





Figure 197. Regolith coverage and marble mass interaction plot. The lines are nearly parallel and 
we do not expect an interaction between these two parameters. For marble masses > 30 g the 
likelihood of mass transfer does not appear affected by the amount of regolith coverage. For 
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